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J. P h p :  Condew Matter 4 (1992) 4667-4673. Printed m the UK 

Magnetic susceptibility of the Van Vleck paramagnet 
csm ( W 8  

K Gatterer and H P Fritzer 
Inslitut f i r  PhysikalisChe und Theoretirhe Chemie, Echnische Universiat G m ,  b h -  
bauersuasse 12, A4010 G m ,  Austria 

ReQived 16 Janualy 1992, in fmal form 17 Februaly 1992 

AbstReL The magnetic susoeptibilily of Ihe new mmpound QsEU(N3)s has ken  
measured m the temperature range f" ?l to 3w K. From excitation and luminercencc 
spectra the mmpouad is lmown to contain WO distinct h l  very similar Eu3+ sites with 
approximately D4d micmsy"e1ly. ?he expimental susceptibility &U an inlerpreted 
in terms of lhe Van VIeck lheoly for closey T a d  multiplets. A pfec l  fit Io this 
model is obtained on lhe assumption that the WO sites uith energies as otselved in the 
emission specua are present in equal proportions 

1. Introduction 

Among the rare-earth ions, Eu3+ occupies a unique position in that there are energy 
levels fairly close to the singlet ground state 7F0. The excited states 'F, and 7F2 are 
only about 370 and loo0 wavenumbers to higher energy in the free ion. There is no 
ground-state magnetic susceptibility in Eu3+ ( J  = 0), but the splitting of the excited 
states .by a surrounding crystal field and the thermal population of the crystal-field 
levels cause a second-order contribution to the magnetic susceptibility. This behaviour 
was Iirst predicted by Van Vleck [l]. 

There have been several successful attempts in the literature to correlate 
experimental data with Van Vleck's theory [2-4]. All these investigations were car- 
ried out on highly ionic compounds with ligands such as F and 0'- with only one 
possible microsymmetry for the Eu3+ ion in the lattice. It was not clear whether 
this approach would lead to acceptable results in the case of CF,Eu(N,), with the 
dumb-bell-shaped azide ions N; as ligands and with MO distinct sites for Eu3+. For 
the quantitative calculation of the susceptibility the energies of the crystal-field split 
first excited state 7F1 and the barycentre for the second excited state 7F2 determined 
from luminescence data were used. 

2. Experimental details 

The preparation of single aystals of C~,EU(N,)~ has been described elsewhere [q. 
The material forms pale-yellowcoloured crystals and is sensitive to moisture and am- 
bient atmosphere. Therefore, careful handling is necessary. The crystals were stored 
in a dry nitrogen atmosphere until required for measurements. All manipulations 
including grinding of the crystals were carried out under a flush of dry nitrogen gas. 
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Bulk magnetic susceptibility measurements were performed on freshly ground 
material with the modified Rraday balance SUS 10 (manufactured by A Paar KG, 
Graz, Austria) between 77 and 300 K using a magnetic flux density of 1.3 T A typical 
mass per run was 20 mg of azide. The equipment was calibrated with Hg[Co(NCS),J 
according to Biinzli [6]. 

The experimental details of the spectroscopic investigation have been given else- 
where [“j. 

3. Structural and spectroscopic information 

The crystal structure of the new material was determined at room temperature with 
x-ray single crystal methods [.5J It was found that each Eu3+ ion is surrounded by 
eight azide groups, and that individual [Eu(N3)J5- polyhedra are well separated 
from each other. The mean Eu-Eu distance is about 9 Neighbouring polyhedra 
do not share N; groups. Therefore, magnetic exchange Via azide bridges is not to 
be expected. Considering only nearest-neighbour N atoms, the polyhedra show a 
distorted D,, tetragonal symmetry around the central Eu3+ ions. From the x-ray 
data there is no indication for the existence of different sites within the material. 
On the other hand, there is clear evidence for two major sites (I and 11) from high 
resolution excitation spectroscopy in the 7F0 + 5D0 region [7]. It was possible to 
determine the qstal-field energies of the first excited state ‘F, from the 5D0 -, ‘F, 
luminescence for both sites. The energy level diagram is given in figure 1. 

Figure 1. Energy level diagram (not lo scale) indicating h e  sa l e s  and energ is  of Eu3+ 
m the WO sites of QsEu(Ns)s used in this wrk. All numbers are wavenumbers relative 
lo the unsplit g m m d  state. 

The discrepancy in the number of sites found by x-ray and by spectroscopic meth- 
ods may arise from the different temperatures at which data were collected (300 K 
for x-ray data, and 77 K and 4 K for luminescence and excitation spectra, respec- 
tively) and/or from the nature of the two experimental methods [S, 91. X-ray data 
yield averaged representations of the coordination polyhedra, whereas spectroscopic 
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measurements may reflect individual conformations, thus producing several different 
spectra for what is found to be a single crystallographic site by x-ray methods. There 
are no indications for a phase transition within the whole temperature range. A 
possible explanation for the different nature of sites I and I1 has been given in the 
spectroscopic paper [7]. 

4 Calculations 

When dealing with magnetic susceptibilities in crystals the master equation is the well 
!mown G n  Vleck equation 

where the superscript i signifies the principal axis (i = z, y, z )  and the indices n and 
m denote the relevant states; E, and E, are the corresponding energies. When 
equation (1) is used to fit experimental bulk susceptibilily data of powdered samples 
with randomly oriented microcrystals, one has to use the average 

The factor D in equation (1) is defined by 

with the Avogadro constant N, and the Bohr magneton pB. a, and a,, in equation 
(1) are the first- and second-order Zeeman matrix elements defined as 

a, = (n[L + 2Sln) 

a,, = (nlL + 2Slm). 

and 

It is well known that the an - t e rm are responsible for the Curie behaviour of para- 
magnets, whereas the a,,-terms give rise to the so-called temperature-independent 
contribution to the magnetic susceptibility. 

For rare-earth ions the effect of the surrounding crystal-field is a minor perturba- 
tion to the free-ion system. Using fust-order perturbation theory, the system may be 
described by its free-ion wavefunctions and the crystal-field energies obtained from 
the spectroscopic experiments. A convenient basis set including the unsplit ground 
state 'FO and the crystal-field split excited state "F1 in IJ, M) notation is 
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where the short-hand notation on the left-hand side is chosen according to the nomen- 
clature in figure 1. It turns out that the magnetic susceptibility becomes rapidly in- 
sensitive to the detailed energy level structure of the higher excited states. Therefore, 
below 300 K, it is quite feasible for the theoretical treatment to approximate the 2Fz 
multiplet by its barycentre (le) in figure 1) only. In the case under investigation, 
all aystal-field states are singlets and therefore there is no firsborder Zeeman ef- 
fect, i.e. (nlL + 25’171) = 0 for all In). The calculation of the second-order term is 
straightforward Within tensor operator formalism. We write 

K Gatterer and H P F&er 

( S L J M I L  + ZSISLJ’M‘)  = ( - 1 ) J - M  (-& ; L,) (SLJIIL + 2SIISLJ‘) 

(5) 
where the 1 in the 3 - j symbol reflects the fact that the rank of the combined-tensor 
operator L + 2s is 1. Using the standard relations between the Cartesian and the 
spherical components for the angular momentum and spin tensors we have 

L ,  +2s, = ( - l / 4 ) l ( L t ,  t 2S+ , )  - ( L I +  2S-,)1 

L ,  + 2sV = (i/\/2)I(Ltl t 2 ~ + , )  t ( L - ~  + 2 s - , ) ]  

L ,  + 227, = Lo + 2 s , .  

(SLJIILIISLJ’) + 2(SLJIISIISLJ’) 

(6) 

The reduced matrix element in equation (5) can be written as 

and may be further reduced to 

(SLJIILIISLJ‘) = ( -1)7+”[(2J’  + 1 ) ( 2 J +  1 ) p  { J ’ }  (SLIILllSL’) 

(-4 
with a similar expression for (SLJIISIISLJ’). The doubly reduced matrix elements 
(SLIILllSL) and (SLllSllSL) may then be obtained from the general formula 

with b denoting either L or S. For ‘;he special case of Eu3+ (configuration p) the 
L S  ground state is ‘F,, and hence L = S = 3 and the values obtained for the 
doubly reduced matrix elements are the same for both L and S operators (cf table 1). 
All the necessary 3 - j and 6 - j symbols are given in the tables of Rothenberg et 
al [lo]. With the expressions in equation (6) as operators and the wavefunctions in 
equation (4) it is then possible to calculate the second-order Zeeman matrix elements 
in equation (5). Inserting the results into equation (1) gives the required results for 
the molar susceptibilities: 

&) = D { ( 8 / E d ) [ 1  - e x ( d ) ]  

(abllbllab) = [ b ( b +  1 ) (2b+  1)I1l2 (8) 

$ [ l / ( E c  - E b ) l [ e x ( b )  + i i 5 / ( E e  - 
&) = D { ( 8 / E C ) [ 1  - e x ( c ) ]  

+ $[I / (& - E b ) l [ e x ( b )  -441 + [ 1 5 / ( E ,  - E, ) ]  4 c ) )  (9) 

&) = D { ( 8 / E 6 ) [ 1  - ex(b)l  

+ j [ l / ( E d  - E J l [ e x ( c )  - ex (d ) l  t [ 1 5 / ( E e  - 4 1 1  ex (b ) l  
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where the shorthand notation ex(.) is used for the Boltzmann factor e x p ( - E , / k T ) ,  
and the contribution of the second excited state 'F, has been included with its free- 
ion value: 

[ 1 5 / ( E ,  - E,,)] e x ( n )  n = b,c ,d  

as an extra term in equation (9). 

Rbk I. Nonwanishing reduced and doubly itdueed matrix elements for second-order 
Zeeman effect in Eu3+. 

5. Results 

In order to compare experimental and calculated molar magnetic susceptibilities it 
is necessary to estimate the diamagnetic correction. We prefer an empirical method 
to find this correction rather than using the conventional wnic increment values 
[ll]. Far this work the experimentally determined susceptibilities of the diamagnetic 
compounds Cs,La(N,), (xM = -2.79 x m3 mol-') and CsN, (xM = -0.12 x 

m3 mol-'), taken twice in order to account for the number of Cst and N; 
ions in G,Eu(N,),, were employed to obtain the diamagnetic correction for the Eu3+ 
compound: 

xWdia = -3.03 x lo-' m3 mol-'. 

(The still very common incremental method yields a diamagnetic correction of 
-3.88 x 

Using the model discussed in the previous section the molar magnetic susceptibility 
of Eu3+ in G,Eu(N3), has been calculated in the temperature interval from 77 
to 300 K in order to compare it with the experimental data. Figure 2 shows the 
calculated magnetic susceptibility for the compound using the site I energy levels. 
The agreement between calculated and experimental data is excellent from room 
temperature down to about 150 K; very similar results are obtained for the site I1 
energy levels. At lower temperatures, curves calculated cor 100% site I or 100% site 
I1 begin to deviate from the experimental values. 

Figure 3 shows the low-temperature part of the data on an expanded scale. The 
crystal-field splitting of site I obviously produces data which are too low, whereas site 
I1 gives data which are too high compared with the experimental values. However, 
if one assumes equal proportions of site I and site I1 in the substance, which is in 
accordance with the results of the spectroscopic investigation, then there is perfect 
agreement between experimental and calculated susceptibility data over the whole 
temperature range (cf figure 3). A representative selection of experimental and 
calculated susceptibility data is given in table 2. 

m3 mol-' which turns out to be inappropriate here.) 
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Figvre 2 Calculated and experimental temperature dependence of the molar magnetic 
susceptibilily of Eu3+ in eSEu(N33)S. The crystal-field energies of site I were used for 
the calculated m e .  

6.78 

6.71 

6.70 

6.66 

6.62 I n 8s 91 IOJ 11s I: 
T IN 

Figure 3 Calculated and qerimental temperature dependence of the molar magnetic 
susceptibility of Eu3S in CksEu(N3)~. The evperimental pints arc averages of five 
individual mns. The calculated culyes are obtained using the site I, site I1 and site I + 
site I1 (1:l) energies. 

Tnbk 2 Experimental and calculated magnetic susceptibilities at diEerent temperatures 
The calculated data are obtained for equal amounts of sites I and 11. 

(K, (108mlmol-l) (10dm3mo1-1) 

298.5 5066 5.067 

T X M , ~ ~  XM CAS 

~ ~~~ 

~~ ~~ ~~ ~ ~~ ~~ . . .- . . . .. . - .. . . . . . ~~~~~~~~ ~~~~~ 

276.2 5272 5.269 
251.6 5.510 5.507 
228.4 5.739 5.742 
202.7 6.W8 6.007 
111.7 6.261 6.251 
151.4 6.446 6.440 
133.0 6.623 6.619 
111.8 6725 6.724 
93.8 6 .74  6.175 
7.6 6795 6795 
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6. Conclusions 

It has been shown that the magnetic susceptibility of the complex rareearth azide 
Cs,Eu(N,), can be described adequately by the Van Vleck model for closely spaced 
multiplets. In addition, measurement of the temperature dependence of the magnetic 
susceptibility has proven to be a highly sensitive tool for discriminating between 
different microsymmetries around the central Eu3+ ions in this matend. It must 
be emphasized that the difference in the crystal-field splitting of the two sites is 
very small, amounting to a few wavenumbers only. It is evident from the last line 
of equation (9) that the sensitivity of the employed model for such small energy 
differences lies mainly in the denominator Ed - E, of x(”). Hence the deviation 
from DM symmetry which causes a small splitting of the othenvise degenerate E, 
state arising from the TFl multiplet makes this term the most important contribution 
to the magnetic susceptibility. Since this splitting is slightly different for both sites, 
their susceptibility becomes measurably different It turns out that, in this case, 
magnetic susceptibility data are a reliable and valuable complementation of the data 
found with high-resolution spectroscopy techniques. 
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