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Optical absorption spectra of NdB03 single crystals were measured between 3900 and 31,700 cm-’ at 
liquid helium to room temperature. The derived energy level scheme with 119 levels was simulated 
according to the crystal field theory including free ion effects yielding a rms deviation of 15 cm-‘. The 
14 free ion and 14 crystal field parameters allowed by the C, symmetry of the neodymium site were 
calculated. The derived wavefunctions were used in calculating the paramagnetic susceptibility and its 
variation with the temperature between 4.2 and 500 K by the van Vleck formula. Experimental and 
calculated values are in good agreement. 0 1992 Academic press, Inc. 

The rare earth orthoborates REBO, consti- 
tute a family of compounds isostructural 
with the calcium carbonate mineral CaCO,. 
The low temperature forms of these com- 
pounds are not, however, isomorphous 
along the whole RE series. From lanthanum 
to neodymium, the borates have the ortho- 
rhombic aragonite type of structure, but 
from samarium to lutetium, the rhombohe- 
dral vaterite type prevails. The lutetium bo- 
rate has also the trigonal calcite type. The 
three varieties of the mineral CaC03 are thus 
found for the borate family. 

The optical properties of ScBO,, PrBO, , 
REBO, (Sm-Yb, Y) have been studied by 
IR and Raman spectroscopy (I, 2) and by 
emission spectroscopy of Eu3+ embedded 
in both calcite- and vaterite-type LuBO, (3). 
0022-4596192 $3.00 74 
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The luminescence properties of Bi3+ in the 
three structural types of REBO, have also 
been reported (4). 

The purpose of this paper is to present 
the absorption spectra of the orthorhombic 
NdBO, and to simulate the energy level 
scheme according to the crystal field theory. 
The derived wavefunctions are employed 
to calculate the paramagnetic susceptibility 
and its variation as a function of temper- 
ature . 

I. Crystallographic Background 

The structure of neodymium borate be- 
longs to the orthorhombic space group 
Pnam (No. 62) isomorphic with the arago- 
nite mineral CaCO,. The unit cell dimen- 



ENERGY LEVELS AND PARAMAGNETIC SUSCEPTIBILITY OF NdBO, 75 

(+o.Qs) (+0.98) 

4 (-1.96) R a, p 2d 
2.41 ’ 

C-0.98) C-0.98) 

cIF====2-74 240 -x- 24-j 2+====a H w 
(+1.98) 2.58 // 2.7 (+i.96) 

l La 
00 d 

(-0.98) 
b 
C-0.98) 

FIG. 1. Lanthanum environment in LaB03 (6). Dis- 
tances in A units. 

sions obtained for our sample (a = 5.725, 
b = 5.031, and c = 8.074 A) are close to 
the values given by Levin et al. (5). The 
neodymium occupies a single site with C, 
point symmetry with coordination number 
nine. Figure 1 shows the environment of 
the lanthanum in LaBO, (6, 7). The La-O 
distances vary between 2.40 and 2.74 A. The 
bond length of 2.40 A is close to the distance 
found in the (LnO),“+ complex cation found 
in a number of rare earth compounds (e.g., 
in oxyhalides, tungstates, molybdates, sul- 
fates, etc.). This complex cation is known 
for its very covalent character (8, 9). 
Though there is no clear correlation be- 
tween the rare earth borates and the oxyhal- 
ides, this feature can explain why electro- 
static point charge calculations of the crystal 
field parameters were not successful. 

II. Experimental 

The absorption measurements were per- 
formed at liquid helium, 10 K, liquid nitro- 
gen, and room temperature. The spectra 
were recorded on both a 3.4-m Jarrell-Ash 
grating spectrograph and on a 2400 Cary 
spectrophotometer in the UV, the visible, 

and the near-IR wavelength range from 3900 
to 31,700 cm-‘. The upper wavenumber 
limit was restricted by the BO:- absorption. 

The paramagnetic susceptibility measure- 
ments and its variation with temperature 
were measured on a Faraday balance be- 
tween 4.2 and 500 K on crushed NdBO, 
crystals. 

III. Analysis of the Spectra 

As expected from crystallographic re- 
sults, the neodymium occupies a single site, 
with a low point symmetry, C,. The absorp- 
tion spectrum recorded at 4.2 K confirms 
this assumption with only one line for the 
well isolated 4Zg,2 --, ‘P,,, transition. The en- 
ergy of the ‘P,,, level in the nephelauxetic 
energy scale (10) situates in the ninefold co- 
ordination area of the neodymium salts, as 
is the case of NdPO, (II) with monazite 
structure. The 119 energy levels (from the 
182 Kramers’ doublets of the 4f3 configura- 
tion) are derived from absorption measure- 
ments essentially at low temperature. The 
room temperature absorption yields the 4Zp,2 
ground level splitting: O-99-145-288-588 
cm-‘. Figure 2 represents the IR absorption 
spectrum from the ground level to 4Z,s,2 at 
10 K; all Stark levels could be attributed 
unambiguously, showing that very low tem- 
perature measurements are not absolutely 
necessary. 

Several zero-phonon transitions have vi- 
bronic sidebands, especially those for which 
A J = 2 as a consequence of their hypersen- 
tive character (12). For example, the 4Z9,2 
-+ 4% (2G& hypersensitive transitions 
(around’580 nm) show many vibronic lines 
corresponding to the B-O stretching fre- 
quencies at about 600, 940, and 1970 cm-’ 
(Fig. 3 and Table I). For transitions to the 
4F312 4% 3 and 2P,,2 levels other vibration 
frequencies are observed in the 100-200 
cm-’ range, some of them not mentioned in 
Ref. (I). More precisely, around 2P,,2, we 
found satellites at 107, 127, 144, 161, 201, 



ANTIC-FIDANCEV ET AL. 76 

1.7501- 

1500.00 1546.00 1596.00 1644.00 1692.00 Mnm) 

FIG. 2. Part of the absorption spectrum of NdB03 at 4.2 K 

and 221 cm- ‘. The same series of vibronic cording to the crystal field theory, consider- 
transitions is recorded at 77 K. It is often ing the central ion submitted to various in- 
difficult to recognize an electronic transition teractions which are described by a sum of 
from a multitude of lines (13, 14) but all tensorial operator products. 
vibronic and electronic transitions could be (i) The free ion Hamiltonian includes vari- 
attributed without any doubt. ous interactions whose magnitude is repro- 

IV. Energy Level Simulation 
duced by 14 phenomenological parameters, 
among which the four Racah parameters, 

The simulation of an energy level scheme E”, the spin-orbit coupling constant 5, the 
of considerable size can be carried out ac- three two-body (Trees’) parameters (a, p, 
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FIG. 3. Part of the absorption spectrum of NdBO, at 4.2 K in the hypersensitive transition area (arrows 
indicate the vibronic replica and their assignment). 



TABLE I 

ENERGY OF ABSORPTION LINES OF NdBOj IN THE 
REGION OF HYPERSENSITIVE TRANSITION 
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For the C, symmetry 15 real (Bi) and imagi- 
nary (St) crystal field parameters are in- 
volved, but the set can be reduced to 14 by 

Assignment 
a proper choice of the reference axis system. 
However, for the successive calculations 
carried out here, this requires the same 
choice for the paramagnetic susceptibility 
calculation. 

Electronic 
Energy level Vibrational mode 

17,027 “G/2 A 
17.142 4G,z B 
17,246 4G5:2 c 
17.329 %,,2 + ‘G,,z D 
17.393 4G,iI + ‘G,i2 E 
17,441 4G,:2 + 2G,,2 F 
17,583 4G,:l + ‘G,,2 G 

17,779 G + 196” v  (Nd-0) 
17,856 C + 610 ~1 (B-0) 
17,934 D + 605 ~3 (B-0) 
17,973 A + 947 ~1 (B-0) 
18,032 F + 591 vi (B-0) 
18,090 B + 948 VI (B-0) 
18,193 c + 947 VI (B-0) 
18,296 A + 1270 ~4 (B-0) 
18,417 B + 1275 ~4 (B-0) 
18,525 C + 1279 ~4 (B-0) 
18,711 F + 1270 ~4 (B-0) 
18,849 G + 1266 “4 (B-0) 

Note. All values in cm-’ units. 
” Frequency value near that observed for zP,jz level. 

A simulation involving a relatively low 
point symmetry is hazardous to carry out, 
since various sets of crystal field parameters 
can simulate more or less correctly the data. 
An calculation of cfps by the “three parame- 
ters model” (17) does not give trustworthy 
results as a consequence of the very cova- 
lent bonding character. Finally, the simula- 
tion was conducted as previously (18): 

and y) and the six three-body (Judd’s) pa- 
rameters T” (1.5). The other magnetic param- 
eters Pk and Mk are not included. The Ham- 
iltonian is written 

fi,, = & + 2 ek ’ Ek 
k=Ih4 

+ PG(G,) + yG(R,) + 2 t, . T”. 
A=2+8#5 

(ii) The crystalline electric field, produced 
by the surrounding ligands is described by 
Wybourne’s formalism (26), 

HCF = 2 B; (a=; + (- l)%k,) 
ktq 

lJ4 u%t 

Exp. levels Calculated levels 

FIG. 4. Comparison of the splitting of the ‘HIliz level 

+ i ’ S:(Ci - (- l)‘UZk,). 
using different (1 CJ4j) matrix elements with the experi- 
mental. 



78 ANTIC-FIDANCEV ET AL. 

(i) The derived wavefunctions have to re- 
produce approximately the average para- 
magnetic susceptibility and its temperature 
dependency. 

(ii) The same cfp set has to simulate an- 
other 4fN configuration embedded in an 
isostructural matrix; in this case LaBO, : 
Eu3+ (19). 

(iii) The starting values of the free ion 
parameters are those of NdAlO,, which situ- 
ates in the same area of the nephelauxetic 
energy scale (20). 
The simulation was performed by the pro- 
gram “IMAGE,” created for configurations 
involving complex cfps (21). The final rms 
deviation is 15 cm-i, which is very good for 
a low symmetry involving 28 phenomeno- 
logical parameters. Moreover, there is not 
significant individual mismatch between 
simulated and observed levels (Table II). 

The *H,,,* splitting is not well fitted. This 
problem has been largely discussed else- 
where by Faucher et al. (22-24). They re- 
mark that compounds where the 4th order 
crystal field parameter strength is high have 
the worst simulation of the *H,i,* splitting. 
They verified phenomenologically that the 
reduced matrix element (*H2 1 U41 *H2) di- 
vided by a factor 4 improves significantly 
the simulation. Figure 4 shows the compari- 
son of the *H ,i,* splitting by using corrected 
and original U4 reduced matrix elements. 
Another possible reason of the mismatch is 
the neglect of the 4fN - 4fN- ‘5d configura- 
tion mixing through the odd part of the crys- 
tal field potential (25). 

IV. Paramagnetic Susceptibility 

The paramagnetic susceptibility can be 
calculated by the van Vleck formula, de- 
duced from the perturbation theory, 

x = Np* c [E!” 2 I ] lkT - 2Ey’ Bi, 
i 1 

where 

~(2) = 2 (+ilL + ges14jj>(+jlL + g,Sl+j) 
I 3 

i#j Ei - E, 

where EI’) and E!*) are the first and second 
terms of L + g,S, the tensorial operator 
representing the perturbation of the external 
magnetic field. N is the Avogadro number, 
p the Bohr magneton, and Bi the thermal 
partition. 4i are the unperturbed wavefunc- 
tions as obtained from the simulation. 

The first term in the expression for x is 
temperature dependent, but the second is 
independent. The latter has the most im- 
portant contribution to the 4f6 configuration 
(Eu3+), which has a nonmagnetic ground 
level ‘FO, but less important for the other 
4fN configurations. Figure 5 shows the com- 
parison between the experimental and cal- 
culated values for the average paramagnetic 
susceptibility (calculations were conducted 
in the 1”~~) basis, i.e., Ei < 5000 cm-‘). At 
low temperatures the agreement is very 
good, but at higher temperatures a small 
discrepancy is due to the variation of the 
crystal field effect with temperature. Free- 
ion and crystal field parameters for NdBO, 
are given in Table III. 

V. Conclusion 

The absorption spectrum of the neodym- 
ium orthoborate NdBO, was recorded and 
analyzed at different temperatures. The 119 
energy levels could be derived from the elec- 
tronic transitions within the 4f3 configura- 
tion. The assignment of the B-O and 
(Nd-0) vibrational modes accompanying 
the hypersensitive transition was done, too. 
The energy level simulation including free 
ion and crystal field effects (a total of 28 
parameters) gave good results (rms devia- 
tion equal to 15 cm-‘). The B.t parameter 
set is very similar to that derived for the 
Eu3+ ion in the isostructural LaBO, com- 
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TABLE II 

EXPERIMENTAL AND CALCULATED ENERGY LEVELS 
OF NdBO, 

zs + ‘L, level Exp. Calc. AE 

0 2 -2 

4Li,2 99 108 -9 
145 159 -14 
288 309 -21 
588 594 -6 

41 I ii? 

41 I312 

41 IS/? 

3957 3952 +5 
3981 3970 +11 

4009 4006 +3 
4050 4032 +18 
4184 4187 -3 
4296 4285 +11 
4350 4339 +11 

5845 5849 -4 
5897 5899 -2 
5923 5926 -3 
6020 6033 - 13 
6265 6260 +5 
6427 6419 +8 
6524 6526 -2 
6621 6612 +9 

11,516 I 1,486 +30 
11,554 I 1,523 +31 

12,485 12,469 + 16 
12,523 12,514 +9 
12,601 12,599 +2 
12,630 12,619 +11 
12,665 12,662 +3 
12,728 12,723 +5 
12,804 12,844 -40 
12,872 12,902 -30 

13,424 13,431 -7 
13,512 13,530 -18 
13,553 13,588 -35 
13,620 13,615 +5 
13,620 13,623 -3 
13,676 13,674 +2 

14,709 14,710 -1 
14,762 14,751 +11 

2003 
2027 
2070 
2096 
2237 
2318 

TABLE II-Confinued 

2s+ ‘L, level Exp. Calc AE 

14,832 14,836 -4 
14,874 14,881 -7 
14,912 14,940 -28 

15,899 15,887 + 12 

15,918 15,923 -5 
15,978 15.958 +20 
16,014 16,002 + 12 
16,080 16,071 +9 
16,134 16,126 +8 

17,027 17,031 -4 
17,142 17,139 +3 
17,246 17,224 +22 
17,329 17,352 -23 
17,393 17.406 - 13 
17,441 17,426 + 15 
17,583 17,567 + 16 

18,934 18,915 + 19 
19,027 19,018 +9 
19,075 19,070 +5 
19,143 19,132 + II 

19,343 
19,467 
19,504 
19,533 
19,589 

19,346 
19,475 
19,513 
19,538 
19,576 
19,599 
19,634 
19,709 
19,745 
19,793 
19,843 
19.948 

-3 
-8 
-9 
-5 

+ 13 
- 

19,621 

- 

- 13 
- 

19,734 
19,796 
19,864 
19,964 

- 

-11 
+3 

+21 
+ 16 

20,972 
20,982 
21,008 
21,039 
21,112 
21,158 
21,230 
21,337 
21,420 
21,468 

- 

21,614 
21,646 
21,700 
21,750 
21,773 

20,959 
20,993 
2 1,027 
21,043 
21,105 
21,141 
21,238 
21,349 
21,443 
21,471 
21,576 
21,610 
2 I ,668 
21,717 
21,743 
21,795 

+ 13 
-11 
- 19 

-4 
+7 

+17 
-8 

-12 
-23 

-3 
- 

+4 
-22 
- 17 

+7 
-22 
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29,063 29,052 +11 
29,171 29,189 - 18 

21 II/2 29,248 29,257 -9 
29,406 29,405 +1 
29,522 29,509 i- 13 
29,543 29,548 -5 

21,806 
- 

21,878 
21,906 
21,953 

21,811 
21,836 
21,864 
21,892 
21,953 

23,310 

23,830 
23,883 
23,933 

26,173 
26,248 

23,314 

23,834 
23,883 
23,933 

26,176 -3 FIG. 5. Experimental and calculated paramagnetic 

26,243 +5 susceptibility of NdBO, between 4.2 and 500 K. 

27,965 27,953 + 12 
28,052 28,038 + 14 

28,182 28,178 +4 
28,317 28,328 -11 
28,458 28,449 +8 

28,630 28,643 -13 

30,008 
30,108 
30,126 

4Q12 > 2hi2> 30,168 

2IlY2 
- 

30,259 
30,301 

30,007 
30,092 
30,135 
30,167 
30,189 
30,274 
30,316 
30,327 
30,348 
30,389 
30,453 
30,508 
30,523 
30,631 
30,677 
30,784 
30,824 
30,881 
30,902 

+1 
+8 
-9 
+1 

- 

-15 
-15 
- 

- 

30,393 

- 
+4 
- 
- 

30,521 
- 

30,670 
30,784 
30,847 
30,881 

- 

-2 
- 

-7 
0 

+ 23 
0 

- 

*L 1712 31,667 
31,690 

31,565 
31,625 
31,663 
3 1,689 

- 
- 
+4 
+1 

TABLE III 

FREE-ION AND CRYSTAL FIELD PARAMETERS FOR 

NdBOj (AND FOR LaB03 : Eu3+ (19)) 

Parameter NdBO, LaBO, : Eu3’ 

t1 
kO.5 
?O.Ol 
*1 
kO.5 
?l 

13,076 
4959 

23.4 
486 

21.1 
-619 
[7471 
234 

41 
79 

-270 
283 
337 

875 
11 

-228 
0 

-781 
187 

-218 
-338 
1247 
879 

-279 
-747 
-689 

707 
-84 
-51 

233 
*34 
234 
*39 
214 
242 
+36 
224 
+27 
225 
229 
*33 

-28 
-231 

0 
-501 

172 
-164 
-318 

935 
975 

-292 
-677 
-717 

337 
-14 

-179 

Note. Number of Stark levels: 119; root mean square 
deviation (cm-‘): 15.0. 
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pound. The paramagnetic susceptibility cal- P. CARO, C.R. Acad. Sci. (Paris) Ser. II 298, 575 

culated on the 141J) basis using the wave- (1984). 

functions derived from the optical data is in 14. P. CARO, 0. K. MOUNE, E. ANTIC-FIDANCEV, 

good agreement with the experimental one. AND M. LEMAITRE-BLAISE, J. Less-Common Met. 
112, 153 (1985). 

15. B. R. JUDD AND H. CROSSWHITE, J. Opt. SOC. Am. 

References 

1. J. P. LAPERCHES AND P. TARTE, Spectrochim. 
Acta 22, 1201 (1966). 

2. J. H. DENNIG AND S. D. ROSA, Spectrochim. Acta 
28, 1775 (1972). 

3. J. H~LsK, Inorg. Chim. Acta 139, 257 (1987). 
4. A. WOLFERT, E. W. J. L. OOMEN, AND G. BLASSE, 

J. So/id State Chem. 59, 280 (1985). 
5. E. M. LEVIN, R. S. ROTH, AND J. B. MARTIN, Am. 

Mineral. 46, 1030 (1961). 
6. R. E. NEWHAM, M. J. REDMAN, AND R. P. 

SANTORO, J. Am. Ceram. Sot. 46, 253 (1987). 
7. C. K. ABDULLAEV, G. G. DZAFAROV, AND H. S. 

MAMEDOV, Azerb. Khim. Zh. 2. 3, 117 (1976). 
8. P. E. CARO, C.R. Acad. Sci. (Paris) 262, 992 

(1966). 
9. P. PORCHER AND P. CARO, J. Less-Common Met. 

93, 151 (1983). 
IO. E. ANTIC-FIDANCEV, M. LEMAITRE-BLAISE, AND 

P. CARO, New J. Chem. 11, 467 (1987). 
Il. E. ANTIC-FIDANCEV, J. H~LsK, M. LEMAITRE- 

BLAISE, AND P. PORCHER, J. Phys. Condens. 
Mater. 3 (1991), in press. 

12. C. K. JORGENSEN AND B. R. JUDD, Mol. Phys. 8, 
281 (1964). 

13. E. ANTIC-FIDANCEV, M. LEMAITRE-BLAISE, AND 

1, 255 (1984). 
16. B. G. WYBOURNE, “Spectroscopic Properties of 

Rare Earths,” Wiley, New York (1965). 
17. N. KARAYANIS AND C. A. MORRISON, Harry 

Diamond Laboratory Report HDL-TR- 1648 
(1973). 

18. E. ANTIC-FIDANCEV, M. LEMAITRE-BLAISE, P. 
PORCHER, I. BUENO, C. PARADA, AND R. SAEZ- 

PUCHE, fnorg. Chim. Acta 182, 5 (1991). 
19. E. ANTIC-FIDANCEV, J. P. CHAMINADE, M. 

LEMAITRE-BLAISE, AND P. PORCHER, J. Less- 
Common Met., in press. 

20. E. ANTIC-FIDANCEV, M. LEMAITRE-BLAISE, L. 

BEAURY, G. TESTE DE SAGEY, AND P. CARO, J. 
Chem. Phys. 73, 4613 (1980). 

21. P. PORCHER, Routines REEL and IMAGE for sim- 
ulating the d” and f” configuration involving real 
(or complex) crystal field parameters, unpublished. 

22. M. FAUCHER, D. GARCIA, AND P. PORCHER, C.R. 
Acad. Sci. (Paris) Ser. II 308, 603 (1989). 

23. M. FAUCHER, D. GARCIA, P. CARO, J. DEROUET, 
AND P. PORCHER, J. Phys. 50, 219 (1989). 

24. M. FAUCHER, D. GARCIA, E. ANTIC-FIDANCEV, 
AND M. LEMAITRE-BLAISE, J. Phys. Chem. Solids 
50, 1227 (1989). 

25. M. FAUCHER AND D. GARCIA, J. Lamin 46, 375 
(1990). 


