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Abstract 

In previous papers, we have proposed reduced-level models in which we retain in the model Hamiltonian only the two 
lowest levels of the crystal field splitting scheme of a rare-earth ion in rare-earth intermetallics. This approach yields a simple 
analytical state equation, from which we may determine the value of the g-factor and molecular field parameter (A). In this 
work we use a full model to study the spontaneous magnetization vs temperature of PrAI2, using the values of g and A 
obtained through a reduced model. 

Keywords: Crystal field; Lande' factor; Rare earths; Magnetization; Molecular field parameter 

1. Introduction 

The study of the magnetism of rare-earth (RE) 
intermetallics is generally described by crystal field (CF) 
and magnetic interactions, through model Hamiltonians 
that include the complete set of levels of the ground 
multiplet of a RE ion in RE intermetallics (full models) 
[1,2]. 

In previous papers [3,4] we have proposed reduced- 
level models, in which we retained only the two lowest 
levels of the ground multiplet of the RE ion in a RE 
intermetallic. This model is a good theoretical frame- 
work for the study of magnetism of various RE in- 
termetallics, since the relevant results of this study are 
obtained with the temperature range in which these 
results are not affected by the suppression of the highest 
levels. This model will be applied to the magnetism of 
PrAIE, and in the case of this compound as well as for 
a group of other compounds that present a deep 
similarity with PrAIE (PrMg2, PrNi2, PrRh2, PrRu2, 
Prlrz), the procedure mentioned above is correct, since 
the contribution of the highest excited levels of the 
splitting scheme for the values of the magnetic quantities 
may be neglected, as will be shown elsewhere. Generally, 
for heavy RE intermetallics, it is necessary to include 
the second or the third excited level, since the difference 
of energy between two neighbour levels in the CF 
splitting scheme of the ion is very small. 
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The reduced models provide analytical magnetic state 
equations from which we may perform an accurate 
study for each CF and magnetic parameter of interest 
related to a given RE intermetallic. However, the main 
contribution of the reduced model is the possibil- 
ity of determining a specific value of the coupling- 
factor g for each RE intermetallic. In contrast with the 
reduced models, the full ones use the Lande factor 
gj obtained from Hund's rules for an isolated ion of 
RE. 

In this work we use a full model to study the 
spontaneous magnetization vs temperature related to 
PrA12 intermetallic, using the values of the g-factor and 
the molecular field constant A obtained through a 
reduced model. 

2. Theoretical outline 

The Hamiltonian that describes a system of RE ions 
in a crystal interacting through an exchange interaction 
is given for both models by 

H = H c F q - H m a g  (I) 

where HCF and Hmag are the crystal field and magnetic 
Hamiltonians respectively. 

The nine-fold degenerate ground state of the Pr a + 
ion in a Pr intermetallic in cubic symmetry is decomposed 
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into/'1 (singlet), F3 (doublet),/'4 (triplet) and/'5 (triplet) 
levels [5], with the ground state being /'3 [6]. 

In the full models the eigenfunction and the eigen- 
values of energy are obtained from the operator equiv- 
alent method using the following Hamiltonian [1]: 

H =  gtzB(f  . IYO + W[x( O4/F4 ) 

-4- ( 1 -  ~1)(06/F6) ]' (2) 

The nomenclature corresponds to that used by L~a 
et al. [5], in which W is an energy parameter, x is the 
parameter that establishes the relative importance of 
the fourth- and the sixth-order contributions to the 
crystal field, the Om~ are Stevens' equivalent operators, 
and F4 and F6 are constants. 

The total magnetic field, H, includes the applied field 
Ho and the molecular field Hm, given by: 

H m = - A/.~2g2(9 7) (3) 

where A is a molecular field constant. (])  is an average 
value of the total angular momentum of a RE ion, and 
g is the gyromagnetic factor: 

~,(n~[n ) e xp ( -  E,JKT) 
(]) = • exp( -EJKT)  (4) 

The spontaneous magnetization,/V/, for a single ion 
is expressed by 

(5) 

For the reduced model the splitting is simplified, i.e. 
we keep only the two lowest levels of the ground 
multiplet of the RE ion in the RE intermetallic. 

In this work a two-level model will be applied to 
PrAI2, in cubic symmetry, within the temperature range 
0-33 K, in which the ground and the first excited levels 
are respectively the /'3 (doublet) and the F, (triplet), 
whose eigenveetors are [5] 

/'3 = leo) = 0.540014) - 0.6450[0) 

+0.5400[-4) (6a) 

[e,) = 0.707112 ) + 0.7071[- 2) (6b) 

5 = lez> = 0-353613) + 0.9351[ - 1 } (6c) 

te3> = 0.35361 - 3) + 0.935111} (6d) 

[e4) = 0.707114) + 0.7071[- 4) (6e) 

Following Frauenheim et al. [1], the difference energy 
between the four levels of the CF splitting scheme of 
the Pr +3 ion in PrAI2 are F3(0); F4(2.36 meV);/'1(5.67 
meV) and Fs(13.7 meV). 

As our reduced-level model retains only levels /'3 
and F4, the CF Hamiltonian is described by: 

-/CF 

0000 ] 
0 0 0 0 
0 0 A 0 
0 0 0 h 
0 0 0 0 

(7) 

where A is the difference of the crystalline energy 
between levels /'3 and F4. 

As the direction of easy magnetization is (001) [1], 
we may describe the Hamiltonian in the molecular field 
approximation by 

0 0 0 0 i l  
--O/ 

0 0 0 0 
H~a~= 0 0 3' 0 

0 0 0 - y  
- a  0 0 0 

(8) 

where a =  ao(gl~Bh z) and 3, = 3,o(g/zBhZ), with 

glzBh ~ = Ag2 g2 ( j  ~) + glzaho (9) 

Here/zB is the Bohr magneton, h ~ is the magnetization 
vector in the z direction, ho is the external mag- 
netic field, jz is the total angular momentum in the 
(001) direction, Oto = (eo~/Z[e,) = 3.05, 3,0 = (e2~r~[e2) = 

- (e3~/~[e3) = 0.50. Putting matrices (7) and (8) into the 
Hamiltonian (1), we obtain the following eigenvalues 

(10a) 

(lOb) 

(10c) 

(10d) 

(10e) 

of energy: 

A (A2q- 442) 1/2 
g o - 2 2 

E1 =0 

E 2 = A + T  

E 3 = A -  7 

and 

A ( A 2 + 4 4 2 )  1/2 

E 4 =  "2+ 2 

The average magnetization is given by 

M= ~ o l - W -  ) 

where fn is the Boltzman factor. 
Putting the Eqs. (10) into Eq. (11) we obtain 

M= (p-~)s inh( -~  Q-) 

where 

S = 2ct21z~2h z 

(11) 

(12) 
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Q = [A 2 + 4oto2(g/~Bh~)] ltz 

and 

In the case of spontaneous magnetization we take 
ho = 0 in Eq. (9). 

Eq. (12) at r - - 0  K reduces to 

M _ gao072- 1) (13) 
~B r/ 

where 

2a~A/z~g2 (14) 
77= A 

The parameter r/measures the ratio of the exchange 
interaction to the CF splitting. 

In the limit ( JZ)~0  (T-- ,T~) we obtain from Eq. 
(12) with ho=0 the following equation for Curie tem- 
perature (To): 

4 cosh[A/(2KT~)] + exp[ -  M(2KT~)] 
(15) 

~7 = 2 sinh[A/(2KT~)] 

3. Application to PrAI2 

The specific values of g and A were obtained through 
Eqs. (13), (14) and (15), in which we used the ex- 
perimental values of A=2.36 meV [1]; Tc=33 K and 
(M//zB)=2.85 [2]; plus ao=3.05. 

From this calculation, we obtained the values of 
0.95 for the g-factor and 148.5 kG//.~ for h. With these 
values we can calculate the spontaneous magnetization 
vs temperature of PrA12 using a full model. 

Fig. 1 shows two theoretical curves determined from 
full models and the experimental points [1] for spon- 
taneous magnetization vs temperature of PrA12. The 
dashed curve was obtained by Frauenheim et al. [1] 
using A= 145.0 kG//~B and gj=0.8 for the Pr 3÷ ion. 
The solid curve was obtained by the authors, taking 
h = 148.5 kG/~B and g = 0.95, estimated by the reduced 
model. 

4. Conclusions  

The correctness of the g-factor obtained from a two- 
level model depends on how this parameter is affected 
by the levels of the RE ion neglected in the model. 
As the g-factor is determined from the results of spon- 
taneous magnetization versus temperature, we must 
verify the dependence of this magnetic quantity in 
relation to the second excited level/'1 not included in 
the model. The energy of this level in the CF splitting 
scheme of the Pr ÷9 ion in PrAI2 measured from the 
ground level is A' =5.67 meV [1]. The level/'1 is non- 

5.01= 
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Fig. 1. Temperature dependence of  spontaneous magnetization vs. 
temperature for PrAI2. The experimental points (full circles) were 
determined by Purwins et al. [2]. The dashed curve was constructed 
by Frauenheim et  al. [1], with gj=0.8  and A= 145.0 kG/p.e, and the 
solid curve was constructed by the authors with g = 0.95 and )t = 148.5 
kG/tza. 

magnetic and from the level /'1 there is only one 
transition allowed to F4 represented by the non-diagonal 
matrix element 60 = (e4~rzlel), where the expressions for 
the eigenvectors are found in [7]. Including in this 
model the level/'1, we have two 6 x 6 matrices in the 
model Hamiltonian (1), and the energy eigenvalues 
determined numerically at 30 K are: Eo = 0; E1 = 4.47 
meV, E2 = 6.04 meV; E 9  = 7.53 meV; E4=7.63 meV, 
E5 = 13.8 meV. These values for energy were obtained 
taking /3o = 0.5, a0 = 3.05, 6o= 2.56, A = 2.36 meV, 
A' = 5.67 meV, and Jo = 0.77 meV, and the experimental 
point of spontaneous magnetization versus temperature 
M/IzB = 1.6 at 30 K determined by Purwins et al. [2] 
for PrA12. Putting the energy eigenvalues mentioned 
above into the Boltzmann factors, we achieve the con- 
tribution of the energy state E5 associated with/'1 for 
the spontaneous magnetization at 30 K. The resultant 
value is about 4%. This value shows clearly that in 
this case the second excited level/'1 may be neglected. 

Generally the g-factor used in the literature for 
determining the values of the magnetic quantities related 
to RE intermetallics is calculated from Hund's rules 
for a single ion of RE, and does not take into account 
the effects of the crystalline environment in which the 
ion is located: as for example the quenching effect due 
to the crystal field on the orbital contribution to the 
moment. On the contrary, as the g-factor used in the 
reduced models is determined from experimental data 
it includes the effects due to the crystalline environment 
and so it may be calculated particularly for each RE 
intermetallic. From a reduced model, it is also possible 
to determine analytically a A value for a RE intermetallic, 
as we have for PrAI2 in this work. Finally, using the 
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values of g-factor and A obtained through our reduced 
model in a full model, we can obtain a fit with the 
experimental points better than that achieved by Frauen- 
heim et al. [1] using gj =0.8 and )t= 145.0 kG//.~B, as 
is shown in Fig. 1. 

References 

[1] Th. Frauenheim, W. Matz and G. Feller, Solid State Commun., 
29 (1978) 805. 

[2] M.G. Purwins, E. Walter, B. Barbara, M,F. Rossignol and P. 
Bak, J. Phys. C, 312 (1974) 312. 

[3] L. Palermo, P.J. von Ranke, X.A. Silva and A. Caldas, J. Phys. 
Chem. Solids, 53 (1992) 611. 

[4] L. Palermo, P.J. von Ranke and A. Caldas, Phys. Status Solidi 
B, 169 (1992) K99. 

[5] K.R. Lea, M.J. Leask and W.P. Wolf, Z Phys. Chem. Solids, 
23 (1962) 1381. 

[6] L. Palermo, P.J. von Ranke and A. Caldas, Solid State Commun., 
89 (1994) 865. 

[7] W.E. Wallace, in Rare-Earth Intermetallics, Academic Press, 
New York, 1982, p. 13. 


