
A study of the relative emission intensity and polarization for Nd3+ ions in an NdAl3(BO3)4

crystal

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1993 J. Phys.: Condens. Matter 5 1581

(http://iopscience.iop.org/0953-8984/5/10/014)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 13:01

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/10
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


I. Phys: Condens. Matter 5 (1993) 1581-1588. Printed in the UK 

A study of the relative emission intensity and polarization for 
Nd“ ions in an NdAl, (BO,), crystal 

Huang Yidong and Luo Zundu 
Fujian lnstitule of hearch on the Structure of MaUer, Chinese Academy of Sciences, 
Fuzhou, Fujian 3 5 W  People’s Republic of China 

Received 25 September 1992 

Abslnet On the basis of bolh the aystal-field theory and the Judd-Ofelt method, the 
relative intensitis and polarization characteristics of the individual lransitions between 
the manifolds 4F31z - 4111/2 and ‘F3p -t 4b/2 for Nd- ions in an Nd&(Bo3h 
crystal were studied by upenmental fluorescence s p e c t m p y  and knching  ratios. ?he 
thcoretinl m u l u  are in agreement with those of laser and fluorescence. wperimenls. 
In this study, the ay”-field wavefunctions were obtained @ Blting the Surk energy 
sublevels with a mnstraint mndition imposed on the electrostatic ratias of the cryslal- 
field parameter belonging 10 the Same order of k, in a similar manner to thal proposed 
by the present authors previously and referred to as the quasi-three-parameter method. 
It was show0 that the minimum oblained in this way was the only solution corresponding 
10 physical realily. 

L Introduction 

Since Judd and Ofelt (lo) [1,2] presented the general theoretical framework for 
calculating the intensities of electric dipole transitions within the 4f shell of rare- 
earth (RE) ions in solutions and solids, it has been used by many workers. It 
is used to calculate the transition intensities between any two J manifolds IJ) 
and IJ’) within the ground 4fn configuration of a trivalent RE in terms of three 
phenomenological intensity parameters denoted as a2, Q., and Q6 [3,4]. These 
parameters are determined experimentally by fitting the theoretical line strength to 
the corresponding line strength measured in absorption spectra. These parameters 
are then used to calculate the transition intensities between any pair of J manifolds, 
including fluorescence or excited-state absorption transitions which are inaccessible 
by direct measurement of absorption spectra. The JO parameters n2, Q., and fi6 have 
been measured for a large number of RE laser materials [3-71. 

However, the Jo three-parameter method cannot be used to study the relative 
transition intensities between Stark energy sublevels of different J manifolds. For 
a laser crystal doped with RE ions, the relative intensities of individual crystal-field 
(m) transitions are important in predicting the possibility of laser emission and in 
describing the characteristics of laser operation. Although the parametrization scheme 
introduced by Axe [SI can be used to obtain the information mentioned, it b often 
difficult to calculate all the required parameters because the ahsorption intensity data 
resolved at the level of individual crystal-field transitions cannot be obtained under 
the usual experimental conditions. 
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In this paper, on the basis of the CF theory and the IO three-parameter method, 
we ay to introduce a procedure for the calculation of the relative transition intensities 
between Stark sublevels in the same pair of J manifolds together with polarization 
information about these transitions. The experimental data used are the Stark splitting 
obtained from fluorescence spctra, and the fluorescence branching ratios of the 
transitions between the J manifolds considered. As an example, we applied this 
procedure to a self-activated laser crystal NdA1,(BO3), (NAB) [9, lo], which had many 
desirable features, such as a low laser threshold, a high gain, a linearly polarized 
output, a small beam divergence, and excellent physical and chemical properties. 
The relative transition intensities between different Stark sublevels belonging to 
4F312 -+ 41111z and 4F312 -+ ,hI2, corresponding to 1.06 pm and possibly 0.9 pm 
laser emission 19-11], respectively, will be calculated and compared with fluorescence 
and laser experiments. 

2. Crystal field and wavefunction 

In the NAB crystal the Nd3+ ions occupy D3 point symmetry sites [12]. ?he detailed 
CF Hamiltonian can be expressed as 
Hd = BmCm t BaCa + B43C43 t BmCa + t B66C66 + &C33 + BsCs 

(1) 
where C,, is the tensor operator and B,, is the qstal  field parameter (m). B, 
and Bs have been made real by a rotation about the Z axis. The k e e n  crystal-field 
components result in the experimentally observed Stark splitting in RE spectra while 
the k-odd CF components, via configuration admixing, bring about the electric dipole 
transitions within the 4f" configuration according to the JO theory. 

For the NAB crystal, the Stark energy sublevels of ,F3/,, 4111/2 and 41y/z were 
assigned by the fluorescence spectra of 4F3/2 - 41,112 and ,F3 -+ ,Iylz at 77 K [9]. 
According tothe quasi-three-parameter method proposed [13], d e  k-even m s  Bk. can 
be obtained [13] and the eigenfunctions of the Stark sublevels of 4F3,2, 41,1,2 and 41,,2 
manifolds can be calculated simultaneously. The eigenfunctions of these Stark sublevels 
are expressed as linear combinations of normalized wavefunctions IJz) simply as 

4F312(2) 0.7071i1;) - 0.70711 -4) 
0.70711 5 )  - 0.7071 ij - 3) 

4F3/z(1) 14) 
- I-$) 

- 0.07261 -5) - 0.99501 -i) to.O4001;) - 0.05601y) 

41,1/2(6) - 0.07261f) + 0.99501f) + 0.O4001 -$) + 0.05601 -*) 

411112(5) (0.2296tO.OS79i)l:) + (0.0879-0.22%i)l-~) 

+ (-0.2621 - 0.609oi)lq) t (0.6090-0.2621i)l -2) 
- (-0.22% + 0.0879i)l-;) + (0.0879 + 0.2296i)I;) 

+(-0.2621+0.6090i)~-~)+(-0.6090-0.2621i)~~) 
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4111,2(4) 0.49461;) - 0.01161;) + 0.84461 - i) + 0.20451 - y )  
0.49461 - $) + 0.0116) - ;) + 0.84461;) - 0.2045) $) 

411112(3) (-0.0413-0.6617i)I$) + (-0.6617+0.0413i)l -;) 

+ (0.161 - 0.1822i)]$) + (0.1822 + 0.1651il-5) 

(0.0413 - 0.6617i)I- f )  + (-0.6617 - 0.0413i)lg) 

+ (0.161 + 0.1822i)l - 5 )  + (-0.1822 + 0.1651i)lf) 

0.84341 5) + 0.09651 i) - 0.4182 - f )  - 0.32341 - 4) 
0.84341 -a) - 0.09651 - f )  - 0.41821 5 )  + 0.32341+) 

0.35601;) - 0.3250l4) + 0.76431 -I)  + 0.42821 - $) 

0.35601 - a) + 0.32501 - f )  + 0.764311) - 0.42821 7) 

2)  

4111/2( 1) 

45p(5) 0.17461;) - 0.984214) + 0.02951 - f )  
- 0.17461 - ;) - 0.98421 - $) - 0.02951 g) 
- 0.93901;) - 0.175514) -0.29571 -:) 

0.93901 - 3 )  - 0.17551 - 4) + 0.29571 5) 
(0.3694 - 0.0536i)l;) + (0.0536 + 0.3694i)l -$) 

+ (-0.2404+0.5504i)lf)+(0.5504+0.2404i)l - 5 )  
(0.3694 + 0.05363)1-4) + (-0.0536 + 0.36941)1:) 

+ (0.2404+0.5504i)l -9)  + (0.5504-0.2404i)l$) 

(-0.1575 - 0.5796i)l;) + (0.5796 - 0.1575i)l -%) 

+ (-0.3576 - O.l070i)11) + (-0.1070 + 0.3576i)l -$) 

(-0.1575 + 0.57%i)J -$) + (-0.5796 - 0.1575i)li) 

+ (0.3576 - 0.1070i)I - 5 )  + (-0.1070- 0.3576i)lq) 

- 0.65781;) - 0.57061i) - 0.49161 - 5 )  
0.65781 -I)  - 0.57061 - &) + 0.49161 I). 

45/2(4) 

45/2(3) 

‘4/,(2) 

45/2( 1) 

The wavefunctions are listed in order of decreasing energy. All the Stark sublevek 
are doubly degenerate and their wavefunctions have the following relationship [14]: 

6 = c u i J , ( - l ) J - J ” I J , - J Z ) .  
J , J z  

These wavefunctions are normalized and will be used to describe the states of Stark 
sublevels in the following electric dipole transition calculations. 
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3. Calculation of relative transition intensities 

The IO theoly has demonstrated that the k-odd m s ,  via mnfiguration admixing, 
allow electric dipole transitions withim the 4f" configurations to occur. For Nd3+ 
ions in the NAB crystal, as shown in equation (l), the k-odd (F components EsC33 
and B,C, make the electric dipole transitions possible. The electric dipole moment 
operators are given by 

Huang Ydmg and Luo Zundu 

$1) = - eCr i (C$ l ) ) i  c;) = z / r  C$ = ( z ~ t i y ) / r  (2) 

where ri is the radial mordmate of the ith electron; p = 0 and fl correspond to ?r 

and U polarization absorption or emission respectively. 
Assuming that the nlN-l!' configuration admixes to the nlN mnfiguration, the 

electric dipole transition is allowed. For non-allowed mixing of the J states (AI and 
IB), the transition matrix element can be written as 

i 

(3) 

(4) ( 1  11 c(') 11 1')(1' 11 c@) 11 ~)(n+-~n'I')/Emv I 1 X  
B A 7 k 4  = 2Bk,p { 1 k If} 

where B,, are the k-odd cms and E,, k the energy separation between the initial 
(of fmal) states and the intermediate states belonging to a configuration with different 

In the case discussed, the energy separations between the initial and fmal states 
in the 4f3 configuration are much smaller than that between the configurations of 4f3 
and 4fz5d. Therefore, in the calculation, E,, is referred to as the average energy 
separation of these two configurations. 

must be evaluated. The non-zero of 
the 6 - j symbols in which X is a component require that X 2 [ J  - J'I. For the 
configuration fn, X = 2,4,6, and only three terms Be,, B,, and B653 in equation (3) 
should be calculated. The admixing of 4P and 4p5d configurations requires that 1 = 3 
and 1' = 2 in equation (4). Using the relationship 

parity. 

As the ljrst step, the parameters 

the following equations result: 
Bas = 0.4467( BD/E,,)(4flrlSd} = 0.44670,, 

B,  = -0.4859(B,/E,v)(4flr15d) = -0.4859Ds 
Bm = -0.0724(B,/EU,)(4flrl5d) = -0.07240, (6) 

where 

4, = ( 4, /E,") (4fl~l54. 
Considering the intermediate-coupling approximation, the irreducible matrix elements 
appearing in equation (3) can be written as [IS] 
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(f3 '1912 11 U(4) 11 f3 4F3/2) = -0.4779 

(f3 419/2 11 U@) 11 f3 'F3/4 = -0.2316 

(f3 4111/2 11 U(') 11 f3 4F3/2) = 0.3769 

(f3 11 U@) 11 f3 4F3/2) = 0.6416. 
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0 

'RI calculate the intensities for the transition from the sublevels of the 'F3/, manifold 
to that of the 'Illl2 and ' I y l 2  manifolds, the ratio of the particle distribution in the 
upper Stark level to that in the lower Stark sublevels of 4F312 should be considered. 
If A E  is the energy separation of two 4F312 sublevels, then this factor is, by the 
Boltzman distribution, exp(AE/kT). Hence, the transition intensities between the 
sublevels of 4F312 + 41,112 and 4F3/2 -+ 44/2, all of them containing the parameters 
Dkq, are evaluated. 'Ib do this the following equation for the transition intensities of 
spontaneous radiation was used: 

A(aJ,a'J') = [64?r4u3e2/3h(2J' + 1)][n(n2+ 2)'/9]SJJ, 

.. 
*I,*,, 

where U is the wavenumber corresponding to the transition and n is the refractive 
index at this wavelength. If the fluorescence ratio p is expressed as 

P ( a J , a ' J ' )  = A(aJ,a'J') A(aJ,a'J')  (9) I O',J'  

then using the experimental data listed in table 1, the following relationships can be 
established: 

D33 = l.l&18A'/2 D, = 1.8963A'I2 (10) 
where A is a factor which is proportional to the total transition intensities 

A(aJ,a'J'). From equation (9), the relative intensities and polarizations of 
radiative transitions between sublevels in 4F312 -+ 'I1,/' and 4F3/2 -+ 41?/2 can be es- 
timated and these are listed in tables 2-5. In these tables, the emission hght polarized 
parallel and perpendicular to the C axis corresponds to ?r and U transitions, respectively. 

4. Discussion 

The calculated relative values of the transition intensity demonstrate that the 
transitions between the Stark sublevels of 4F3/2(l) -+ 411,12(Z) and 4F3/2(l) -+ 

4111/2(3) are the most intense transitions. On the other hand, it is shown that the 
transition of 4F3/2(l) + 41,,12(2) emits light polarized parallel and perpendicular to 
the C axis, while that of the 4F3/2(l) -+ 4111/2(3) is polarized perpendicular to the C 
axis only. The results of the laser experiment at 1.06 pm [9] agree well with the above 
prediction in both the laser emission channel and the polarization characteristics. 

TabL l. Spectmseopic experimental ~esults for the NAB a p a l .  
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lhbk Z Calculated relative values of the Uansition intensity tor ‘F3/2(1) - ‘h1,2 
sublevels in Le NAB cIy6taI. 

’Ransition intensity 

Wdvelength (pm) L C 11 C Total 

1.0622 a0021 o.0219 0.0240 
1.0638 a0537 aim azo12 

1.0670 aooio 0.0436 0.0446 

(1) 
(2) 
(3) 
(4) 

1.0660 ami o 0.2661 

1.0794 0.0419 

”abk 3. Calculated relative values of the Uansition intensity for ‘F$p(2) 4 ‘11112 
sublevels in the NAB nystal. 

?tansition intensity 
~~ 

4111,2 Wdvelength (pm) 1 C 11 C %tal 

1.0547 a0404 0 0.0404 
1.0563 ami o 0.0031 
1.0584 0 0.0026 0.0026 
1.0594 0.0485 0 0.0485 
1.0717 0 0.0293 0.0293 
1.0743 0.0072 0 0.0072 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 

“abk 4. 
sublevels in the NAB 0ysIal. 

Calculated relative wluer of the transition intensity [or ‘F3/2(1) - ‘19,~ 

Ttansition intensity 

‘19/2 Wvclengtb @m) I C 11 C Total 

(I) 0.8836 0.0615 a0119 0.0734 
(2) 0.8851 0.0494 0 0.0494 

(4) 0.9024 0,1136 a w l 8  a1154 
(3) 0.8921 o.Oo60 0 0.0060 

(5) 0.9065 0.0038 20.0 a0038 

W k  5. Qlculated rclative values of Le Uansition intensity for ‘F3/2(2) - ‘I912 
sublevels in the NAB nystal. 

Tiansition intensity 

‘I912 Wdvelength (pm) L C 11 C Total 

(1) 0.8784 0.w11 0 0.w11 
(2) 08799 0 0.0027 O.M)27 
(3) 0.8868 0 O.KO3 O.OW3 
(4) 0.8970 O.W.5 0 0.m5 
(5)  0.9010 0.ms 0 0 . W  

In order to compare the calculated relative intensities of the transition between 
Stark sublevels with the experimental fluorescence intensities quantitatively, the factor 
fel, = A i j / A  for the calculated relative intensities and the factor fq = Ti j /T  for 
the corresponding experimental fluorescence intensities are introduced. Ai, are the 
calculated =lues of transition intensities listed in tables 2-5, A = Ci,j Aij is the 
sum of the transitions in a pair of manifolds such as 4F3,2 + 41,,,2, Tij are the 
tine strengths of fluorescence between related sublevels and T = Tij iS the sum 
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Tabk 6. 
'E312 + 4111/2 for Nd3+ in the NAB cryslal. 

Calculated and experimental tine strengrhs of the Euorescenoe lransition 

. .  
0.3754 0.2832 0.1365 
0.0543 0.3745 0.1181 

(1) 0 
0.0628 
0.0.589 
O M n l  

0.0568 
0.0044 
0.0037 
0.0683 
0.0412 
0.0102 

24774 

0.0417 
0.0262 
0.18% 

0.0313 

a0816 
ai559 
0.0026 

0.0357 
0.0167 

5.3276 

b l u s  calculated by the mnventional CPF method 

of all fluorescence intensities between the manifolds. The experimental fluorescence 
data of the transition 4F3/2 + 41,,lz published in [9] are used and the results are 
listed in table 6. Tb compare the values of fa,, and fq, the RMS deviation of the 
experimental and calculated line strengths is defined as 

where N is the number of hansitions. The calculated RMS values are listed in table 6. 
The recent generation of Q9 pm radiation is very attractive because of the 

passibility of creating a solid state coherent blue light by frequency doubling of the 
fundamental Q9 pm laser. However, there are difficulties arising from the smaller 
probability of the related transition and the high thermal population of the lower 
laser level. The prerequisite of 4F3/, - 44,2 laser emission (about 0.9 pm) is 
that the Stark splitting of 41y/2 should be larger, for example, than that in Nd%: 
YAG [ lq,  in d c h  the most suitable upper and lower laser levels are 4F3/2(l) and 
4412(5). However, from the calculated relative intensities for 4F3/2 -, 41,12 sublevels 
listed in tables 4 and 5, one can find that the most intense transitions are those 
of 4F3 2(1) + 44/2(4) and 4F3/2(l) -t 41y/2(l) but not of 4F3/2(l) + 41y/z(5). 

than that in Nd: YAG [17,18]. 
All the above calculations are based successfully on the quasi-three-parameter 

method. Utilizing the results from the conventional CPF method [19], which is used to 
obtain the wavefunctions of the Stark sublevels of 4F31a, 411,/2 and 41y12 terms as well 
as the c m s  concemed, the relative transition intensities between sublevels of 4F31z + 

41,,12 can also be calculated. However, these results are not consistent with those of 
the laser experiments in both emission channels and polarization characteristics. For 
example, the most intense transition calculated by the method in [I91 is neither of the 
two transitions shown by both experiments and this work to exhibit laser emission, and 
the value of the RMS deviation for fal, is 5.33 (table 6), which is much larger than that 
calculated by the quasi-three-parameter method. Therefore, it is safe to say that, in 
the crystal-field energy fitting, the quasi-three-parameter method can provide a solution 

There f ore, the emission of the laser at 0.9 pm in NAB would be much more difficult 
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corresponding to the observed physical situation. 
In this way, the crystal-field theory can be used not only in the Stark energy 

sublevel fitting and (TP evaluation but also in the calculations on the radiative 
transition between these sublevels. In contrast, the conventional (TP calculation 
without the constraint condition mentioned above may praide a mathematical 
minimum which has no real physical meaning [20,21]. This is one of the reasons why 
the conventional crystal-field calculation method cannot be further used to analyse 
radiative emission and absorption problems quantitatively. 

5. Conclusion 

By means of the quasi-three-parameter method proposed previously, the crystal-field 
energy levels can be fitted, and the wavefunctions of the Stark energy sublevels, which 
are the eigenfunctions in this calculation, can be expressed as a linear combination of 
[.I.). By using the JO theory, the relative transition intensities between Stark energy 
sublevels in 4F312 -+ and 'FSlz -, 41,12 were calculated from the experimental 
data of fluorescence spectra. The calculated results agree well with those of the laser 
and fluorescence experiments, and the reason for the dficulty in obtaining a laser 
emission at 0.9 pm in the NAB crystal is discussed. It is demonstrated that the results 
obtained from conventional CPF calculation cannot be used to explain the observed 
spectral experimental results other than a fitting of the Stark energy sublevels. This 
is another way to show that the quasi-three-parameter method in crystal-field theory 
does correspond to a solution of physical reality. 

A method for calculating relative transition intensities between Stark energy 
sublevels was proposed, by which the laser emission and its polarization and 
wavelength can he predicted. This feature is useful in the investigations of laser 
material, and in particular of new laser aystals. 
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