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THE REDUCTION OF RE3+ IN SrB,O,, PREPARED IN AIR AND THE 

LUMINESCENCE OF SrB,O,,:REZ+ (RE=Eu, Sm, Tm) 

Keywords: luminescence; Strontium borates; rare earth ions; f-d and f-f 

transitions. 
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ABSTRACT 

The reduction of RE3+ to RE2' (RE=Eu, Sm and Tm) in SrB,Olo 

prepared in air by high-temperature solid state reaction was observed. The 

luminescent properties of Eu2' and Tm2+ show f-d transition and Sm2' 

shows f-f transition at room temperature. Three crystallographic sites for 

Sm2' in matrix are available. Vibronic transition of 5D,-7F, of Sm2' was 

studied. The coupled phonon energy about 108 cm-', was determined from 

the vibronic transition. Due to the thermal population from 'D,, level, 5D,.7F, 

(J=O, I ,  2) transitions of Sm2' were observed at room temperature. A charge 

compensation mechanism is proposed as a possible explanation. 
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896 ZENG ET AL. 

INTRODUCTION 

Recently it was reported that Eu3’ can be reduced to Eu” in BaB8OI3 

by solid state reaction at hgh  temperature in air’. Literature’,’ also reported 

that the Eu3+, Sm3+ and Yb3+ could be reduced to the corresponding divalent 

rare-earth ions in SrB,07 by solid state reaction at high temperature in air. 

They proposed that the rigid three-dimensional network of B04 tetrahedra is 

necessary to stabilize the divalent rare-earth ions at high temperature in 

oxidizing atmosphere. Mn” and Pb2’ were reported to retain the divalent 

state in ~rB,Olo  by fKing in air4,5. It suggests that SrB,O,, should also be 

a good host to stabilize the divalent rare-earth ions in which also contains 

the B04 tetrahedral network on the basis of its infrared spectrum‘. 

The present paper reports on the reduction of RE3’ (RE=Eu, Sm and 

Tm) to RE2’ in SrB,O,, and the luminescence of SrB6Ol0:RE2’. 

EXPERIMENTAL 

The preparation of the Ed+-activated SrB,Olo was carried out 

according to the literature6 but heated in air in stead of in H,/N2. The dopant 

Eu ions concentration is 1 mol% of the Sr” ions in the host compound. The 

structure of the sample was checked on a Rigaku DIMAX-IIB X-ray 

powder difiactometer, using Cu Ka,  radiation. All samples appear to be 

single phase and in agreement with JCPDS Card No: 20- 1 190. 

Low-resolution luminescence spectra were performed on a SPEX 

DM300Of spectrofluorometer equipped with 0.22m SPEX 1680 double 

monochromators (resolution 0.1 nm) and a 450 W xenon lamp as excitation 

source. The spectra were not corrected for the lamp output. All the 

luminescence spectra were recorded at room temperature. 

The high-resolution spectra were performed with SPEX-1403 

spectrophotometer under the excitation of an N, laser beam with flow cryostat 
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REDUCTION OF RE3+ IN SrB,O,, 897 

of gaseous helium. The temperature can be varied from 10 K to room 

temperature. 

RESULTS AND DISCUSS ION 

I .  Luminescence of SrB,O,,: Ed’ 

The excitation and emission spectra of SrB,O,,: ELI” prepared in air 

were shown in Fig, I .  There are two broad emission bands peaking at 386 

nm and 432 nm, and an excitation spectrum with peak maximum near 
305 nm. It is a permitted 4P5d-4P (‘S,,,) transition on the Eu2’ ion. 

Literat~re”~ reported the luminescence properties of Eu’ ’ in this matrix at 

4.2K and 77K which was prepared in H2 stream. They observed three 

efficient emission band with maxim at 386, 432 and 470 nm with almost the 

same intensity under 305 nm excitation at 4.2 K. When the temperature 

increased to 77K, only the emission at 387 and 432 nm were observed and 

the emission band at 470 nm was quenched. At room temperature, the 

emission band at 432 nm is quenched to less than 5% of its original 

intensity. Our results for emission bands with maxima at 386 and 432 nm 
under 305 nm excitation of SrB,0,”:Eu2- prepared in air is in good 

agreement with theirs. The spectra suggested that the Eu” situated more 

than one lattice site in matrix. This can be confinned by the high-resolution 

spectra of Sm2’ in SrB,O1, at 10 K, 

For divalent europium a high emission intensity and a naiiow band 

width require weak Stokes shift. Due to the high strength of the boron- 

oxygen bonds, the borates with high B20 ,  content can form a rigid three- 

dimensional network which reduces the atomic displacements responsible 

for the Stokes shift. Among the Eu-doped alkaline earth borates, only the 
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898 ZENG ET AL. 

Wavelengtli (nrn)  

FIG. 1 The excitation and emission spectra of Tm'. in SrB,O,,, at room temperature 

B,O,-richest phases (SrB,O,, SrB,O,,) show weak thermal quenching at 

300K'. The intensity of Eu2+ emission depends strongly on the fraction of 

the tetrahedral coordination boron atoms in the Sr-borates. In these borates, 

the Eu2'-doped SrB,O, has the highest quantum efficiency and shows the 

strongest emission intensity while the other Sr-borates show weaker 

luminescence. 

2. I .  The Low-resolution Luminescence of Sm2+ in SrB6Ol0 

The low-resolution emission spectra at room temperature of Sm" in 

SrB60,, prepared in H,/N, and air are shown in Fig.2. It shows that 

emission spectrum of Sm" in SrB6OI0 prepared in air is identical to those 

prepared in H,/N, except that a group of weak lines at 562, 600 and 647 nm 

corresponding to 4Gs,2-+6HJ (J=5/2, 7/2, 9/2 respectively) transitions of Sm3' 
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/ 
A, 

630 660 I 

I :“3 I 

__-- 

(a) 
jD,-’F,, 

f I I I I I I 

600 625 650 675 700 725 750 775 

550 575 600 625 650 675 700 725 750 775 

Wavelength (nm) 

FIG. 2. The low-resolution spectra at room temperature of Sm” in SrB,O,, prepared 
in (a) H,/N, (upper) and (b) air (lower). (The inset shows the enlargement of the 
emission in the range of 620--680 nm). 
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900 ZENG ET AL 

ions when sample was prepared in air. It is therefore deduced that the Sm3' 

can be reduced to the divalent state in SrB,O,, prepared at high temperature 

in air. The emission spectrum contains four groups lines at 685, 700, 725 

and 760 nm corresponding to the transitions of 5D0--7FJ (J=O, 1, 2, 3 )  

transitions of Sm2', respectively. The dominant line is at 685 nm due to the 

5D0--7F0 transition whch shows that Sm" occupied a ciystallographic site 

without center symmetry. 

2.2. The High-resolution Luminescence of Sm" . 

The high-resolution spectra at different temperature was recorded 

since the temperature dependence of the relative intensities of the lines 

belonging to the same group is of great help to classify the lines according 

to the emitting Stark level. The intensity of the lines within each group is 

roughly evaluated from their heights. Fig. 3 shows the high-resolution 

emission spectra at 10 K. 
It is observed that tlw ii.ansi!io!is of  S m '  i i i  Si-B,,O,,, ;IIC fi.oin 'D,,-'F, (J-0, 

1. 2,  -3). The numbers of the transition lines for 'D,,-'F,, transition are three 

(designated as Center 1. Center- 11 and Center i l l ) ,  for 'D,-7F, transition are 

nine and foi- 'D,-'F, are twelve. Sincc if the degeneracy of 'F, energy level 

for one site is conipleiely liftsd and thc lines ape well-separated, the 

number of its lines at-e at most 3.  therelhro. there ai-e a t  least thrcc ciystal 

sites for Sm2- in the matrix. The lurniriescent intensity of Sin" in Center I11 

is much weaker than those in the other two centers. 

Fig4 shows the high-resolution spectra at  100 2nd i00 K of Sm2' in 

the matrix. The differences between them a[-e, firsrly. the intensity ratio of 

Center I1 to Center I increased with the increasing of tenipeiature while 

Center I11 decreased and vanished at 300 E;. sccondly, i n  the 'D,,--'F, 

transition, three lines at 14456, 14430 and 14433 ctii-' disappeared at room 
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REDUCTION OF RE3+ IN SrB,O,, 90 1 

13600 13803 14000 14200 14400 14600 

Wa\wuinbrr (cni ' )  

FIG. 3 .  The high-resolution emission spectra of Sm2* in SrB,O,,, at 10 K .  (The inset 
shows the enlargement of 'D,-'FI transitions). 

temperature. Therefore, these three lines can be assigiied to Center 111. With 

the increasing of temperature, Center 1 i I  was qtienclieti by temperature and 

Center I and I1  increased. Tliis implies that the energy tr':u;sf'et. from Center 

111 to Center I and I I  is possi1Jic. S u d i  cnci-g!, tiwnsfcr process w i ~ s  :tlso 

ubseived in the divalent euwpiuiii i n  this ni;iti.ix'-' i n  \vhich enci-gy traiisf'et- 

of EuZ* occurred fiom Center 111 to Center I1 and Center I. It can also be 

confirmed by the lifetime of these centers as discussed in the following text. 

2.3. The Multiphonon Transition of Sni "  

From Fig. 2, i t  can be found that there are two weak lines beside two 

sides of the 'DD,--'F, transition (14586 cni- ') They are nl 680.3 nm ( 14699 
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902 ZENG ET AL. 

13600 13800 14000 14200 14400 14600 

FIG. 4. The high-resolution emission spectra 
temperature. (The inset shows the enlargement of 'D,--'F, transitions.) 

of Sni" in SrB,O,, at different 
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REDUCTION OF RE” IN SrB,O,, 903 

cm-’, denoted as v’) and 690.4 nni ( 14484 ciii-’, donaleti as v ) .  Since these 

hies are too weak and broad and there are only three s i tes for Sm”, these 

weak lines can not be the transitions of Sin’ but the vibl-onic transitions of 

the coupling of the -lf eiecii-ons with iatticc. nai~rely, plionoii satellite lines. 

The 5D,--7F, transition at 14586 cm-’ is the zero-phonon line (ZPL). The 

energy difference between Line v’ and ZPL is AEv,=I 13 cni-’ and the enerby 

difference between Line v and ZPL is about A E p I 0 4  cin-’. Therefore, 

during the transitions, the ZPL has been coupled by phonons with average 

erierby Am-( 11 3+lQ4)/2=1Q8 cIn-’. These plionon lines can be explained by 

single--configuration--coordinate mechanism in which only those vibration 

modes with single frequency can couple with the 4f electrons and results in 

sharp lines. They are originated fi-om the transition in which the ‘D,, and ’F, 

states have different lattice vibratioii levels. It can also be found t!iat the 

intensity of vibronic line v increases with the illcrease of temperature Lines 

v and Line v’ can be attributed to the transitions ~‘D, .~>-J/~F, ,  n i l >  and 

I’D,,n+ 1>+j7F, n> respectively, where n is the quantLmm number of 

vibration levels of the crystal lattice. Line v and Line v’ corresponded to P 

= 1 for emitting P phonons and P =- 1 for absorbing P phonons, respectively. 

The intensity ratio of v and v’ to ’D, -7F, zero-phonon line can be written 
as9-i 1 .  

where k is the Boltzniann constant; S is the Nuang-Rhys factor which shows 
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904 ZENG ET AL. 

the coupling strength during the transitiox; <in> is Plank's therrral average 

quantum index: <m>=[exp(-holklll[ l-exp(-fiodk7')]; 7'  is absolute 

temperature; hm is phonon energy which was coupled during the transition. 

From Fig.2, hosl08 crn-l, P 3 0 0  K, it can be obtained that the ratio of 

l,(& is about 0.013, and Huang-Rhys factor S can be calculated from Eq.( Ib) 

to be S=0.015; then we obtained the ratio of' l,,/l(j froni Eq,( la) ofIJI,=0.037. 

This value is close to the experimental result of I,& about 0.033. 

The total radiative decay rate can be obtained from the spectra. As the 

decay time is determined by the radiative and non-radiative decay rates. For 

the 'Do level, the non-radiative decay rate can be neglected because the 

energy gap to the next lower level (7F,) is large (about I0000 cin-'). The 

highest frequency phonons have an energy of 1400 cni-' in  SrB,O,o, so 

multiphonon relaxatior, requires 7-5 phonons from >D,, to 7F,. It is known 

that the multipironon relaxation is inefficient for more t!i:iiI scven--phonon 

processes. 
The non-radiative transitioi! rate (ANII) fioin 'D, to '.OD,, can be 

calculated by the following equation'.": 

(S < in + 1 >)"" exp( -S < An + 1 > 1 
Pi,! 

A =N--.-- ~ 

N It 

S"" < in + 1 >I"> exp(-S < '111 + 1 >)  
( 2 )  - -N _ _ _ _ _ ~ _ _ ~  __ ~~~~~ 

Po! 
Here N is the rate constant of non-radiative tr-ansition with the order of 

10"- Po=(AE,,/ho), is the number of the phonons bridging the energy 

gap between the level of 'D, and 'Dlj,. I n  a given niab-ix, since the position 

of'.D, and 'D,, ii: Sm"-doped matrix does i:ot change greatly. the energy gap 

between these two energy levels is about 11% I 350 c~ii- ' ,  P<, depends on the 

variation of ho--the lattice-phonon ei lerg iI; different lattice, so the non- 
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REDUCTION OF RE3' IN SrB,O,, 905 

radiative transition probability, which is the function of Po as shown in 

Eq.(2) will change in different lattice. 'The phunons wit!! the highest 

frequency in the lattice will play the main iole in  the i:oii-r.adiative transition. 

Take N=10"-10'4, p,-i.then we found Ah~l~=ii-)i . l~i)~-ilx10i3.  For the 

comparison of the deperldence of 5D,+5D,, non-radiative transition on the 

different lattice, let us take another matrix BaClz as an example. 111 

RaC1,:Sm2'. h0=200 cm-', l ' u = , ~ E . . o  /tlo)=6--7. In SrB601(, ,  ho,=l200 cni-', 

Po=l -2. Then we can obtain the non-radiative transition probability from 

'11, to 'I), in SrB60,, is about 107-101f times bigger than in BaCI,. 

Therefore, no tDl-7F, transitions of Sin" i n  SrB,,O,, ~ w r e  found even at 10 

K while the transition of 'D,-'F, can still be nbseiwd eve13 77 K for Sm" 

; I )  BaCI,. However, an  interesting phenoinenon was foiiiid that some weak 

sharp lines in the range of 620 to 670 nni were observed at room 

ttmperature (see Fig.2). These lines must co~espoiid to the 'D,-'F,, (0, 

1, 2) transitions of Sm2' in SrB,O,,. It  is due to the fact that the 'D, level 

is thermally populated by 5D0 level and results in the transition of 

D , j 5 D  , -+'F,. 

2.4. The Lifetime of 5D,--7F, 'Transition of Sin2' in SrB,O,,,. 

The lifetime measurements yie!d information about the kinetics of the 

luminescence process, such as tile fluorescence efficiency, energy transfer, 

the excitation and de-excitation process. 

The lifetinte of Sm" 'DcJ--'F(, timsition were iecorded a1 different 

temperatures. The decay curves were presented in Fig. 5 for the lifetime at 

300 K. All of the decay curves are in single exponential. 

The lifetime for Center I and I1 at 10 K is about 5.0 ms and 4.5 ms, 

respectively. At 300 K, the lifetime for these two centers is 4.24 and 2.69 
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906 ZENG ET AL. 

FIG 5 The lifetime of Center I and I1 of Sm” in S 
experimental, ----- fitted by single exponential decay function f(t)=Aexp(-x/r)+B , A, 
B is constant, respectively) 

ins. Due to their difierent lifetime. it is deduced that the two emission lines 

at 14586 and 14566 mi-’ originate from difierenr ltiiniriesceiit centers. 

The dependence of the lifetiine of Center I of Sin” in SrB,O,,, as a 

function of temperahire were also performed in the range of I0 K to 300 K. 

The results were shown in Fig. 6. It shows that the lifetime of Sm2+ in 

Center I is temperature-dependent. The lifetime generally decreases with 

the increasing of temperahire. ‘i’he lifetime presents a snlall rise at low 

temperature, which was possibly due to the erisrgy tsansfer from Center 111 

to Center I1 and Center I. With the increasing of ternperattire, the thennal 

depopulation, and temperature quenching of ’D, level became more 

dominant and resulted in shorter decay time. 
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5 5  

5.0 

4.5 

4.0 

50 100 150 200 250 300 3.0 

Temperature (K) + 

FIG. 6. The dependence of the lifetime of 5D0-7F0 transition of Sm2’in Center I (I4586 
cm-’) in SrB,O,, as a function of temperature. 

3. The Luminescence of Tm” in SIB,O,,, 

For Tm2+, the splitting of the 4f’*(’H,)5d[eS) states is almost entirely 

due to the 4f--5d electrostatic interaction”. The excitation and emission 

spectra at room temperature of Tm2- in SrB,O,,, prepared in air were shown 

in Fig.7. The shape of the spectra is close to that of Tm” in SrB407’. 

The excitation spectrnni shows a number of bands in the region of 200 

to 500 nm. These bands correspond to the 4f’.3--4f’25tl transitions. Some 

narrow and well-separated bands can be seen diie to the splitting of the 4f1’ 

configuration in 4fl25d level by the ciystal-field with t!ie splittiiig energy at 

about AE=5480 cm-I. The maximum excitation band is at about 380 n m .  
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908 ZENG ET AL. 

FIG. 7. The excitation and emission spectra of Tm” in SrB,O,, at room temperature 

The lowest excitation band is at 480 nni which tvas in a higher energy side 

than in CaF2I3 In CaF,, the lowest energy is ai GOO iun due to the transitions 

to the 4f12 (3H,)5d(e,)states. This is due to the high degree of ionicit;, in the 

lattice and a small crystal-field splitting of the 4f”jd state. T!ie excitation 

band of SrB,O,,:TmZ’ is similar in form to that of Tm” in CaF, and 
S ~ B  0 13, 14 

4 7  . 

The Tm2’ in SrB,O,, shows an emission at around 580 nin under the 

excitation of 480 nm. This emission corresponds to the 4f125d--4f” 

transition. The 4f” configuration can also be split by the crystal field into 

two levels: ’F,,, and ’F7,*. Since Tm2’ is isoelectronic with Yb” ion, there 

will be two 4f125d--4-f13 emission bands: one is a broad band for 4f’*5d--4fi3 

(2F7,2) transition in the visible region, and the other is an emission line for 
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REDUCTION OF RE3+ IN SrB,O,, 909 

-lf'3(2F,,,)--4f13('F, >) transition 111 the i!nfiared region. Therefore, the 

emission band at 580 nm were assigned to the 4f1'5d--4f'" (ZF,,?) transition. 

4. Charge Compensation Mechanism 

Li te ra t~re '~  reported that the number of triangularly coordinated boron 

atoms per tetrahedrally coordinated boron is equal to 11-1 for the region 

greater than n=lwhen the berates are written in the foiin M,O*nB,O, For 

SrB60,, (SrOo3B20,), n- 1=2, therefore, it contains four triangularly and two 

tetrahedrally coordinated boron atoms. LiteratureG reported that SrB,O,,, 

consists of a three-dimensional network of B,O, rings containing two 

triangular and one tetrahedral borcn a t o m  on the hasis of its infrared 

spectrum patteni. Kowever, the structure of Si-13,,01t, is still unelucidated by 

far. 

When the trivalent RE" ion occupies the lattice site of divalent Sr", 

two RE" ions should be needed to substitute three Si." ions in order to keep 

the charge balance. Hence a vacancy defect at the Sr2' site foimed. This 

vacancy defect is represented as V,," with two negative charges due to the 

absence of Sr2+ and then it becomes a donor of electrons while the two KE3' 

ions become acceptors of electrons. Consequently, the negative charges in 

the charged vacancy defects will be transferred into the RE'' ion site and 

the trivalent E[l3+ ion was reduced to the divalent state i<E*'. Here, if this 

vacancy defect can be regarded lis an  associate. the association should be 

represented by the Krogel- aiid "ink's notatioii"': 

Vsr"+2REsj*=[( RE,,),VSI] 

Literaturei7 reported that Eu' ' can be redxed to the divalent state ions 
in the high-pressure phase of SrB?04(III) arid SrB,O,(IV) in H2 but no E d '  

existed in Eli3'--doped Sr2l3,Q, and SrB,O, (I) (atmosphere pressure phase) 

even prepared in hydrogen flow, and only a very small amount of Eu2' in 
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910 ZENG ET AL. 

Sr3BZ06 with considerable effort. Such resuits caii be explaincd that since 

Sr,B,06, Sr,B,05 and SrB20, ( I )  contain only pianar t i h g u l a r  BO, units; 

the charge compensation would take place by introducing one interstitial 

oxygen ion per two Eu3+ ions rather than by forming a negativeiy Charged 

vacancy defect. The interstitial oxygen ion links two planar BO, groups and 

form two comer sharing BO, tetrahedra'. hence the ELI" ion still retains its 

trivalent state in these matr-ices. In the high pressure phase of SrB,O, (111) 

a id  SrB,O,(iVj, the hosts contain BO, tetrahedral units which can prevent 

the Eu2' froin being attacked by the oxygen. 

As discussed above, it can be seen that the reduction of Eu3' depends 

strongly on the structure of the boron units. The three-dirnensional network 

of BO, tetrahetiirr plays a role of shield. it can isolate the Eu2' ions from 

each other and corn~~ictely or partly s i i r i - ~ : i ~ d  ihe Eu" inns and resist the 

attack of the oxygcn. so Eu2' ions can retain tile divalent state i n  air even at 

high temperature. This c m  be verified from thc differ-ent oxidation 

temperature for europium borates: 673K for Eu3B2Cti, 683K for Eu,B205, 

753K for EuB,O, and 1033K for EuB,O,. Eu,B,06 and Eu,B,05 contain 

BO," and B2054- ion rcspectively, and EuB,O, consists of (BO,), chains. 

The ELI" ions in SrB,07 located in  the 'cage' of BO, units, completely 

surrounded by these units of (!340,)m network, and llierefore it becomes 

too difficult to be attacked by oxygen". However, no information has been 

found to discuss tlic structure of REB,O," 3 %  until now it was thought that 

all Eu(I1)-borates are Iscstruchiral with the coixsponiling Sr-borates 

hecause of their clcrscty similar effective ionic radii. 

C UNCL W STONS 

The RE" (RE=ELI, Sin and 'Tnij ions can be reduced to the 

corresponding RE2' ions in SIB6OI0 in  air by higii-temperature solid-state 
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reaction. The investigation on valence change and Imniiiescence of RE’’ 

(RE=Eu, Sm and Tm) ions in SrB,O,, prepared in  air shows that the matrix 

SrB,O,, is a good host for the divalent rare earth ions. ‘rile rigid fi-amework 

of BO, tetrahedral units in the structure of the matrix plays a significant role 

in  stabilizing the divaleiit rare-carth ions in ail- a t  high teinperature. Three 

crystallographic cation sites are available to:. Sr2+ (Sin2’ ) in  the host Igttice 

using Sm2‘ as the stincture prol:e. Frorii 10 to 396 K, with the increasing 

of temperature, there is energy inigration within Sin” ions from Center 111 

to Center I1 and Center 1. A t  300 K. ihe emission of Sin” in Center IIi i s  

completely quenched by temperature. ‘D, --’F., tmisitions q ~ p e a m l  ar room 

temperature due to the theimal population inversion. ’The phono~i lines are 

found at room temperature beside the zero-phorion line o f  Sin” with energy 

about 108 cm-’ due to the coupling of the excited 4f electrons with local 

phonons. The luminescence of divalent tliuiiiim shows that the 4fl25d band 

in the lattice is situated at a relatively higher energy position. The emission 

takes place in 4f”---4f1’5d configuration in the visible region with a 

pliaximum at about 580 nm. 
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