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Experimental data show that aluminium doped RCos systems crystal- 

lize in CaCus-type structure for most of the rare-earth elements (R). Al 

impurities randomly occupy one of the two possible positions (2c and 3g) 

and there is a critical concentration of Al, t. = 2.0, for RCos_,Al,x when 

the Co sublattice becomes nonmagnetic. The ab initio self-consistent calcu- 

lations show strong dependence of magnetic properties of GdCos_zAlz on 

concentration of Al and position of the impurities in the unit cell, further- 

more to fulfil experimental observation of existence of critical concentration, 

Le = 2.0, the Al impurities should prefer 3g positions otherwise the magnetic 

moments on Co atoms do not vanish. 

PACS numbers: 71.20.-b, 71.20.Eh 

1. Introduction 

Intermetallic compounds of rare-earth (R) atoms and transition-metal (T) 

atoms are of great importance both for the technological applications and from 

fundamental physical point of view. First, the strongest permanent magnets belong 

to this class of materials and some of them are promising materials for use in 

batteries because of their special electrochemical properties. Second, they represent 

a big challenge for the electron theory because their properties are determined by 

two different types of electronic states, i.e. the highly correlated and strongly 
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localized 4f states of rare-earth atoms and the valence states of transition-metal 

atoms which are comparatively weakly correlated and more delocalized. 

Generally, in the R-T compounds, there are three types of exchange in- 

teractions: T—T interactions between magnetic moments of the T sublattice, the 

R-T intersublattice interactions and the R-R interactions between the magnetic 

moments within the R sublattice. These interactions lead to the R(5d)—T(3d) hy- 

bridization. Introduction of a metalloid (M = B, Al or Ga) to the R-T system 

causes additional hybridization T(3d)—M(p) and R(5d)—M(p). 

R(Ti_2zMz)s is a one of the most intensively examined systems, where Ris 

rare-earth metal, T = Co or Ni, and M = B, Alor Ga. The initial RTs system has 

hexagonal (P6/mmm) CaCus-type structure having two inequivalent positions of 

T atoms: 2c and 3g (see Fig. 1). Especially intensively examined were R(Co1_-2Bz)s 

because they form an interesting series of crystal structures (see [1] and references 

therein) which can be expressed by a general formula Rn41Cosn4¢sBon (n = 0, 

1, 2,..., cc). Although the systems have uniaxial symmetry, their Curie tem- 

peratures and saturation magnetization are too low to be suitable for perma- 

nent magnet applications [2-4]. In order to overcome this drawback new series of 

compounds Rm+41Cosm43Be with high Co content was proposed [5-8]. The men- 

tioned above two homologous series can be expressed by a generalized formula 

Rm+4nC05m+3n Ben, which is formed by alternative stacking of m parts of RCos 

with n parts of RCo3Bz2 along the c axis. 

3g 
  

    
  

~ 
2c 

Fig. 1. CaCus-type unit cell. Small circles describe Co and Al atoms occupying 2c and 

3g positions. La atoms occupy la positions described by large circles. 

La(Nij-2(Al,Co)z)s systems and their hydrides were examined as poten- 

tial materials for batteries. Hydrogen storage alloys based on La are commer- 

cially used as negative electrode materials for nickel—metal hydride (Ni-MH,) 

battery [9-12]. These materials combine a high reversible energy storage capac- 

ity with fast electrochemical activation, excellent long-term cycling stability and 

good charge/discharge kinetics. In these alloys the initial CaCus-type structure 

is conserved and the neutron diffraction measurements as well as the total en- 

ergy ab initio calculations [13-15] showed that Al and Co impurities prefer the 

3g positions. Similar results were also obtained for LaNis_2T, (T = Fe or Mn) 

[16, 17].
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The X-ray analysis revealed that also R(Coi_zAle)s alloys with « < 0.3 

are single phase, occur in the CaCus structure, and the intensities of the X-ray 

lines showed that Al atoms randomly occupy the Co sites. Al substitutions for Co 

in RCos brings three important effects on the magnetic properties of RCos [18]: 

a decrease in the Curie temperature (Tc) and magnetic moments of Co atoms 

(jtco), and a change of magnetic anisotropy. The Zc and ftco vanish at a critical 

concentration of Al, x, = 0.4. Similar situation is for RCo3Be. 

The aim of this paper is to investigate relation between different positions 

of Co and Al atoms in Gd(Coi_zAlz)s systems (a = 0, 0.2, and 0.4) and their 

magnetic properties based on the spin polarized ad initio calculations. 

2. Computational method 

The electronic structure was calculated based on the tight-binding linear 

muffin-tin orbital (TB LMTO) method in the atomic sphere approximation (ASA) 

[19, 20]. In the ASA the unit cell is filled by Wigner—Seitz spheres having the same 

total volume: (47/3) )); S? = N(47/3)S3, = V, where j (j = 1,...N) is the index 

of atom in the unit cell, N is number of atoms in the cell, S; is the Wigner—Seitz 

radius of the j-th atom, Say is the average Wigner—Seitz radius, V is the volume 

of the unit cell. In our case the unit cell contains one formula unit (N = 5 atoms). 

The hexagonal unit is presented in Fig. 1. 

The coordinates of the atoms in the unit cell were taken from [6] and are 

summarized in Table I. The overlap volume of the muffin-tin spheres is about 

8.2%. The standard combined correction terms [19] for overlapping were used to 

compensate for errors due to the ASA. The scalar relativistic approximation for 

band electrons and the fully relativistic treatment for the frozen core electrons were 

used. The spin-orbit interactions were taken into account in the form proposed by 

Min and Jang [21]. The exchange correlation potential was assumed in the form 

proposed by von Barth and Hedin (BH) [22] and, for comparison, by Perdew et 

al. (PW) [23] with non-local corrections. The starting atomic configurations were 

taken as: core + 4f’5d'6s? for Gd, core + 3d4s? for Co and core + 3873p! for Al 

atom. The spin-polarized calculations were performed for the experimental values 

of the lattice constants [18] and for all possible positions of Al impurities in the 

unit cell. In the case of GdCo4Al the single Al atoms are located in 3g and 2c 

positions one after another. For GdCo3Alz the situation is more complicated and 

all possible configurations were considered: two Al atoms in 2c or 3g positions, and 

a mixed situation, where the impurities are located in 2c and 3g sites. The crystal- 

lographic characteristics are collected in Table I. The self-consistent calculations 

were performed for at least 9248 k-points in the whole Brillouin zone. The number 

of k-points was dependent on the symmetry of considered systems, determined by 

positions of Al impurities in the unit cell. The tetrahedron method [24-26] was 

used for integration over the Brillouin zone. The iterations were repeated until the
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TABLE I 

Crystallographic characteristics of GdCo;, GdCo4Al, and GdCo3Al2 com- 

pounds: the lattice constants a and c, the Wigner—Seitz radii (in a.u., average, 

Say, and for particular atoms). The lattice constants for GdCo3Aleo were ex- 

trapolated from experimental data for smaller concentrations of Al. 
    

  

  

  

  

  

  

  

  

Lattice constants and Wigner—Seitz radii used in calculations 

Positions and GdCos GdCo. Al GdCo3 Ale 

[coordinates] a = 9.39950 a = 9.49399 a = 9.59520 

of atoms c = 7.52678 c = 7.60993 c = 7.69788 

Say = 2.84034 | Say = 2.86983 Say = 2.90128 

3g-1 Co Al Co Al Al Co 

[1/2, 1/2, 1/2] 2.6463 2.6965 | 2.6527 | 2.7264 | 2.7053 2.6818 

3g-2 Co Co Co Al Co Co 

[1/2, 0, 1/2] 2.6463 2.6965 | 2.6527 | 2.7264 | 2.7053 2.6818 

3g-3 Co Co Co Co Co Co 

[0, 1/2, 1/2] 2.6463 2.6965 | 2.6527 | 2.7264 | 2.7053 2.6818 

2c-1 Co Co Al Co Al Al 

[2/3, 1/3, 0] 2.6518 2.6320 | 2.7285 | 2.6632 | 2.7107 2.7611 

2c-2 Co Co Co Co Co Al 

[1/3,2/3,0] 2.6518 2.6320 | 2.7285 | 2.6632 | 2.7107 2.7611 

la Gd Gd Gd Gd Gd Gd 

[0, 0, 0] 3.5457 3.5966 | 3.5617 | 3.6331 | 3.6164 3.5976             
energy eigenvalues of the consecutive iteration steps were the same within an error 

0.01 mRy. 

3. Results and discussion 

The TB LMTO ASA method allows differentation of the ions in the cell but 

effect of disorder due to Al substitution is neglected. In the case of the Haucke-type 

phase GdCos (see Fig. 1 and Table I), two types of Co sites must be distinguished: 

the 2-fold degenerate basal sites (2c) located in the basal plane together with Gd 

atoms and 3-fold degenerate non-basal sites (3g) located in the plane with z = 1/2. 

In accordance with experimental observations for LaNis [27] and GdCog [18], it 

is assumed that the Gd sites do not accommodate Co and Al atoms. The total 

densities of states (DOS) and local contributions of individual atoms are presented 

in Figs. 2-7. The electronic structure of GdCos was calculated earlier by other 

authors [28, 29]. These calculations were performed using different methods but 

they are consistent with ours. Therefore we treat our calculations for this system 

as reference results for the doped compounds to avoid discussion on differences 

which can be caused by distinct approaches and technical details.
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Fig. 2. The total and site-projected DOS functions for the GdCos compound. 

Fig. 3. The total and site-projected DOS functions for the GdCo4 Al compound for Al 

located in 3g-1 position. 

The width of the valence band of the GdCos system is about 7.9 eV. The 

valence bands for GdCo4Al and GdCogAly are wider, by about 0.8 and 1.3 eV, 

respectively. It is caused by the Al atoms, their s and p electrons are located near 

the bottom of the valence band. The valence bands of the doped systems are wider 

than for the undoped case and because of reduced number of valence electrons (see 

Table II) the values of DOS at the Fermi level should also be lower. 

It is generally true but strongly depends on the location of the Al impurities 

(see Table ITT). 

The impurities cause charge transfer between ions: from Al to Co and Gd 

atoms. Electron transfer to Co atoms fulfils d band and reduces their magnetic 

moments (see Table IV). 

The Al atoms cause reconstruction of the starting GdCos band structure 

and change the values of DOS at the Fermi level. The DOS(£ = Ep) for GdCos 

is equal to about 15.81 states/(eV f.u.) with about 95% contribution of Co atoms 

(2.318 and 4.04 states/(eV atom) for Co(3g) and Co(2c) atoms, respectively). 

For GdCoaAl systems the values of DOS(Hr) decrease and reach 12.036 and 

8.554 states/(eV f.u.) for impurities located in 3g and 2c sites, respectively. In both
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Fig. 4. The total and site-projected DOS functions for the GdCo4 Al compound for Al 

atom located in 2c-1 position. 

Fig. 5. The total and site-projected DOS functions for the GdCozAl2 compound for 

two atoms of Al located in 2c positions. The Fermi level is located in the high peak of 

DOS formed by the Co(d) electrons. In this configuration the DOS(£ = Ep) and the 

magnetic moments on Co atoms reach the highest values (see Table III and IV). 

cases the highest values of magnetic moments for Co atoms were obtained in near- 

est neighbouring of Al atoms. Similar phenomenon was observed for R(Co,_,Alz)2 

(R = rare-earth or yttrium atom), where small concentrations (about 10%) of Al 

atoms increase the Curie temperatures of these compounds [830]. In the case of 

GdCo4.5Alo.5 the mean magnetic moment for Co is higher than for undoped sys- 

tem [18, 31]. 

For the GdCo4Al system and the BH potential the calculated mean mag- 

netic moments for Co atoms are equal to 1.053 and 1.122 xn /Co atom for Al atoms 

located in 3g and 2c sites, respectively. The second value is closer to the experi- 

mental result, which varies from 1.25 to 1.43yp [18, 31, 32]. Similarly is for the 

calculations with the PW potential but the values are slightly higher: 1.140 and 

1.202 pen /Co atom, respectively. Small magnetic moments, about 0.1 pp/atom, 

parallel oriented to the Gd ones, are induced on Al atoms. The moments on Co 

atoms have opposite directions to the moments located on Gd ones. The differ-
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Fig. 6. The total and site-projected DOS functions for the GdCozAl2 compound for 

two atoms of Al located in 3g-1 and 3g-2 positions. The Fermi level is located above the 

peaks formed by Co(d) electrons. The values of DOS(E = Ep) reach the lowest values 

and the magnetic moments on Co atoms are close to zero. 

Fig. 7. The total and site-projected DOS functions for the GdCozAl2 compound for 

two atoms of Al located in 3g-3 and 2c-2 positions. An intermediate situation to the 

presented in Figs. 5 and 6. The Co magnetic moments reach the values of about 

0.4—-0.5 pp/atom. 

ences between mean magnetic moments for distinct localizations of Al atoms are 

very small (0.087 and 0.080 xp /Co atom for BH and PW potentials, respectively) 

and it is very difficult to admit them as conclusive for site preference of the im- 

purities. Detailed analysis of X-ray diffraction patterns for YCo4,Al and NdCo,Al 

systems [33] showed that distribution of Al on the 3g and 2c sites of CaCus-type 

structure is not quite random. The Al atoms prefer a little more the 3g site than 

the 2c one. However, for light rare-earth metals situation can be slightly differ- 

ent because of 4f—3d hybridization. The obtained rare-earth moments (for Nd, 

Pr, and Sm atoms) were considerably smaller than the free trivalent ion values. 

This discrepancy increases with increasing concentration of Al atoms and displays 

important role of Al(3p) electrons in hybridization effects. 

Second Co atom replaced by Al one in GdCo,4Al intensifies the decrease in
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TABLE II 

Total numbers of valence electrons (NOS; per f.u.) and individual 

contributions of the Gd, Co, and Al atoms to the electron count in 

the GdCo;, GdCo4Al, and GdCozAlz compounds. The starting occu- 

pation numbers were the following: Gd(4f"5d'6s7), Co(3d"4s*), and 

    

  

  

  

  

Al(3s? 3p"). 

Number of electrons per atom 

Positions | GdCos GdCo. Al | GdCo3Ale 

of atoms Total NOS 

55 49 43 

Co Al Co Al Al Co 

3g-1 s 0.688 | s 0.953 | s 0.665 | s 0.955 | s 0.931 & 0.656 

p 0.708 | p 1.299 | p 0.727 | p 1.359 | p 1.358 | p 0.784 
d 7.560 | d 0.315 | d 7.611 | d 0.312 | d 0.302 d 7.669 

Co Co Co Al Co Co 

3g-2 s 0.6828 | s 0.696 | s 0.665 | s 0.955 | s 0.672 s 0.657 

p 0.7076 | p 0.763 | p 0.727 | p 1.359 | p 0.773 | p 0.780 
d 7.5596 | d 7.633 | d 7.611 | d 0.312 | d 7.712 d 7.669 

Co Co Co Co Co Co 

3g-3 s 0.688 | s 0.696 | s 0.665 | s 0.694 | s 0.672 s 0.657 

p 0.708 | p 0.763 | p 0.727 | p 0.772 | p 0.773 | p 0.780 

d 7.560 | d 7.633 | d 7.611 | d 7.722 | d 7.712 d 7.669 

Co Co Al Co Al Al 

2c-1 s 0.664 | s 0.633 | s 0.964 | s 0.626 | s 0.945 s§ 0.968 

p 0.647 | p 0.622 | p 1.254 | p 0.634 | p 1.272 | p 1.290 
d 7.585 | d 7.633 | d 0.330 | d 7.742 | d 0.290 d 0.345 

Co Co Co Co Co Al 

2c-2 s 0.664 | s 0.633 | s 0.705 | s 0.626 | s 0.669 s§ 0.968 

p 0.647 | p 0.622 | p 0.718 | p 0.634 | p 0.698 | p 1.290 
d 7.585 | d 7.633 | d 7.656 | d 7.742 | d 7.701 d 0.345 

  

  

  

  

  
Gd Gd Gd Gd Gd Gd 

$ 0.591 | s 0.616 | s 0.586 | s 0.617 | s 0.602 | s 0.596 
la p 0.725 | p 0.755 | p 0.724 | p 0.785 | p 0.765 | p 0.746 

d 1.724 | d 1.766 | d 1.766 | d 1.792 | d 1.833 | d 1.830 

f 7.300 | f 7.336 | f 7.289 | f 7.362 | f 7.320] f 7.291 

DOS(E = Ep) but only in the case when at least one of the Al atoms is located in 

3g site: 5.159 states/(eV f.u.) for two Al atoms in 3g sites and 7.486 states/(eV f.u.) 

for impurities simultaneously located in 3g and 2c sites. The magnetic moments on 

            
Co atoms are reduced. Especially in the first case where mean magnetic moment 

on Co atoms is equal to 0.028 yp /atom, and Co moments located in 2c sites are 

parallel to the moments of Gd atoms.
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TABLE III 

The values of the spin projected DOS at the Fermi level 

for the GdCos, GdCo4 Al, and GdCoz Alz compounds. The 

upper values concern the electrons with spin up and the lower 

ones the electrons with opposite spin direction (total DOS 

calculated per f.u.). 
    

DOS [states/(eV spin atom)] 
  

  

  

  

  

  

  

  

    

Positions | GdCos | GdCosAl__| GdCoz Als 
of atoms Total DOS 

14.290 | 11.295 | 7.341 | 2.202 | 5.022 | 13.051 

1.520 0.741 | 1.213 | 2.957 | 2.464 1.489 

Co Al Co Al Al Co 

3g-1 2.052 0.116 | 1.863 | 0.072 | 0.102 4.134 

0.266 0.055 | 0.206 | 0.077 | 0.124 0.331 

Co Co Co Al Co Co 

3g-2 2.052 2.794 | 1.863 | 0.072 | 1.617 | 4.134 

0.266 0.148 | 0.206 | 0.077 | 0.608 0.331 

Co Co Co Co Co Co 

3g-3 2.052 2.794 | 1.863 | 0.771 | 1.617 | 4.134 

0.266 0.148 | 0.206 | 0.740 | 0.608 0.331 

Co Co Al Co Al Al 

2c-1 3.832 2.575 | 0.130 | 0.541 | 0.074 0.190 

0.208 0.134 | 0.103 | 0.880 | 0.131 0.106 

Co Co Co Co Co Al 

2c-2 3.832 2.575 | 1.389 | 0.541 | 1.389 0.190 

0.208 0.134 | 0.255 | 0.880 | 0.661 0.106 

Gd Gd Gd Gd Gd Gd 

la 0.470 0.441 | 0.233 | 0.205 | 0.223 0.269 

0.306 0.122 | 0.237 | 0.303 | 0.332 0.284           
In the rest of the considered configurations Co moments are always antipar- 

allel oriented to the Gd ones. The magnetic moments induced on Al atoms in 

this configuration reach the smallest values (# 107% yup /atom). In the second case 

(two Al atoms simultaneously in 2c and 3g sites) the Co magnetic moments are 

larger and reach values 0.4 + 0.5 yep/atom (see Table IV). These values seem to 

be too high comparing with experimental measurements [18] which show that the 

Co moments should have values close to zero. Similar conclusion is for the case 

where two Al atoms are located in 2c sites. DOS(E) reaches the highest value 

14.54 states/(eV f.u.) and the Co magnetic moments are above 0.7 wp /atom.
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TABLE IV 

The ab initio calculated total (in wp per f.u.) and local magnetic moments (in pp 

per atom) for GdCos_,Al,, x = 0, 1.0 and 2.0, when the Al impurities are located in 

different crystallographic positions. The calculations were performed for two types of 

the exchange-correlation potential: BH and PW (the values in parenthesis). 

  

  

Magnetic moments [#5 /(f-u. or atom)] 
  

  

  

  

  

  

  

    

Positions GdCos GdCo,4 Al GdCo3 Ale 

of atoms —0.038 —3.027 —2.809 —7.069 —5.824 —5.000 

(-0.188) | (-2.819) | (2.636) | (6.964) | (-5.169) | (-4.684) 
3g-1 Co 1.440 Al -0.073 Co 1.091 Al 0.003 Al -0.017 Co 0.727 

(1.514) | (0.104) | (1.170) | (0.001) | (-0.040) | (0.883) 
3g-2 Co 1.440 Co 1.098 Co 1.091 Al 0.003 Co 0.384 Co 0.727 

(1.514) (1.191) (1.170) | (-0.001) | (0.660) (0.883) 
3g-3 Co 1.440 Co 1.098 Co 1.091 Co 0.049 Co 0.384 Co 0.727 

(1.514) (1.191) (1.170) (0.152) (0.660) (0.883) 
2c-1 Co 1.456 Co 1.007 Al -0.082 | Co -0.066 | Al —0.035 | Al —0.041 

(1.517) (1.089) | (-0.116) | (0.035) | (-0.064) | (-0.067) 
2c-2 Co 1.456 Co 1.007 Co 1.214 | Co -0.066 | Co 0.524 Al -0.041 

(1.517) (1.089) (1.298) | (-0.035) | (0.797) | (-0.067) 
la Gd —7.270 | Gd —7.164 | Gd —7.214 | Gd -6.992 | Gd -7.064 | Gd —7.099 

(-7.388) | (-7.275) | (-7.328) | (-7.044) | (-7.182) | (-7.199)       
4. Conclusions 

    
A systematic study of magnetic moments of GdCos, GdCo4Al, and GdCo3Als 

compounds was performed using TB LMTO ASA method. The calculated results 

were compared with experimental data [18], which reported existence of a critical 

concentration of Al, x. = 2, for GdCos_zAl, when the Co sublattice becomes 

nonmagnetic. Our calculations showed strong dependence of magnetic properties 

of GdCos_zAle on concentration of Al and position of the impurities in the unit 

cell. To fulfil experimental observation of existence of the critical concentration 

the Al impurities should prefer 3g sites otherwise the magnetic moments on Co 

atoms do not vanish. 
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