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A comprehensive theoretical prediction using a mechanism of site substitution confirms the crucial role of Cu in enhancing 

the capabilities of CeCo5 as a competitive magnet with its known high coercivity. A remarkable enhancement of magnetic 

anisotropy energy (MAE) of 3.09 meV/f.u. and 2.94 meV/f.u. without significant decrease of magnetic moment is found for 

10% and 5% Cu substitution at 2c sites of the hexagonal lattice. Calculations predict the increment of coercivity and 

magnetocrystalline anisotropy (1.6 times) compared to pristine CeCo5. The exceptional enhancement in MAE is due to the 

formation of asymmetric charge hybridization among the Cu (2c) and Co (both 2c and 3g) sites along the uniaxial direction. 

Because of this asymmetric charge distribution environment, the intrinsic behavior of Ce adjacent to Cu changes abruptly 

making them more uniaxial and magnetically enhanced creating mixed valence states. For these calculations, we have 

employed the full-potential augmented plane wave method in conjunction with spin orbit coupling. 

 

1. INTRODUCTION 

          Superiority of a permanent magnetic material is judged by its high magnetocrystalline anisotropy (MCA) and large 

magnetic moment. In this context, rare earth (RE) based compounds are considered as the best candidates because of their 

favorable physical properties and outstanding technological applications.1,2,3,4,5 The race for rare earth containing magnets 

started after the discovery of YCo5 by US Air Force material laboratory6,7 in 1966 which was the material with the largest 

magnetic anisotropy of that time. Considerably almost all rare earth elements (except promethium, ytterbium, and lutetium) 

can combine with cobalt to form hexagonal CaCu5 structure.8  However, CeCo5 is exceptionally peculiar among the RCo5 

class of compounds because of its uniqueness in physical properties. There are anomalous deviations in usual trend of lattice 

parameter, Curie temperature, and magnetic moment in CeCo5 within the RCo5 class of compounds.9  Also among all rare 

earth elements Ce is abundant in nature and is relatively cheaper. 

          Most of the cerium compounds exhibit mixed valence states with 4f shell occupancy between 0 µB (Ce4+) and 1 µB 

(Ce3+).  Although the magnetic moment of CeCo5 is 1.8µB lower and less ferromagnetic than that of YCo5, its 

magnetocrystalline anisotropy energy is about 1.46 times higher.8 The MAE of a material is defined as the differences 

between the ground state energies of two magnetic directions. Large anisotropy in the RCo5 compounds are mainly due to the  
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spin-orbit interaction of the partially occupied 4f orbital moment within the rare earth atoms, and the spin-orbit interaction of 

3d orbitals within Co atoms caused because of the crystalline environment of the hexagonal lattice.  

Additionally, another important quantity called magnetic coercivity in materials is defined as the strength to sustain 

magnetization of a ferromagnetic material in presence of external magnetic field. Studies10,11,12 showed that with the 

inclusion of Cu in CeCo5 have tendency to increase the magnetic coercivity in the system. This change in coercivity is 

because of the transition from Ce4+ to Ce3+ valence state. Earlier works11,13 show that Ce in CeCo5 and CeNi5 is found to be 

in the Ce4+ state, and hence the lattice radius is more quenched compared to the usual trend in RCo5 compounds. However, 

the valence state of cerium in CeCu5 is found to be Ce3+. In this manuscript, we performed density functional theory (DFT) 

calculations and found absurd change in the magnetocrystalline anisotropy in CeCo5-xCux compared to the pure CeCo5. The 

variation of Cu composition is tuned by doping at both 2c and 3g sites of Co atoms. The calculations suggest that the MAE is 

increased by 1.72 times in CeCo4.5Cu0.5 as compared to that of CeCo5. 

2. METHODS 

           The theoretical calculations were performed using the density functional theory (DFT)14 to study the ground state 

properties of the pure and Cu substituted CeCo5. The crystal structure for CeCo5 and the optimal material with Cu (i.e. for 

CeCo4.5Cu0.5) are shown in figure-1 where Cu was substituted at the 2c site. The substitution of Cu in hexagonal ring of Co 

(2c) in the Ce plane showed the maximum magnetic anisotropy for the compound. We employed the full-potential linearized 

augmented plane wave (FP-LAPW)15 method within the generalized gradient approximation (GGA), and included the spin 

orbit coupling (GGA+SOC) to calculate the magnetocrystalline anisotropy for the system. We have also compared the MAE 

results by the inclusion of the onsite electron correlation parameters U=5.2 eV and J=0.75 eV. It is well known that for light 

rare earths the U values range from 4 eV to 7 eV without affecting much to the physical properties.16 The k-space 

integrations have been performed at least with 13×13×15 Brillouin zone mesh which was sufficient for the convergence of 

total energies (10-6Ryd.), charges, and magnetic moments. For RCo5 systems, the higher values of plane-wave cutoff (RKmax 

= 9.0 and Gmax=14) are required. Here, magnetocrystalline anisotropy energy (MAE) is calculated using the force method, 

where difference was taken between c-axis and the planar of the total eigenvalue energies for both spins. 
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 Where, ϵ is the sum of eigenvalues for both spins in corresponding directions and 𝑎⃗𝑎𝑧𝑧−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑎⃗𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are easy and planar 

directions. The positive (negative) values for the corresponding MAE correspond to the uniaxial and planar anisotropy.  

3. RESULTS AND DISCUSSION 

           CeCo5 forms in the CaCu5-type hexagonal structure (P6/mmm) with three non-equivalent sites: Ce (1a), Co (2c) and 

Co (3g) shown in figure-1(a). The hexagonal ring of Co (2c) sites contains the Ce (1a) in the middle and is sandwiched 

between the Co (3g) layers. Because of the unique nature of the electronic structure of Ce and its integration in  

 

FIG. 1. Crystal structures for (a) CeCo5 and (b) CeCo4.5Cu0.5 with Cu substituted in the 2c site. Here, Co1 and Co2 represents 

cobalt positions at 2c and 3g sites, respectively. 

 
the remarkable layered hexagonal crystal structure, CeCo5 leads to the quenching of the 4f orbital moment and hence the 

magnetic anisotropy becomes uniaxial in the hexagonal environment of CeCo5. For CeCo5, we used the experimental lattice 

constants as a=4.919 Å and c= 4.029 Å,17 and the atomic radii for Ce and Co are fixed to 2.5 and 2.19 with force 

minimization of 3%. The optimized lattice constants remained same as that of experimental values.  Although Cu is non-

magnetic in nature but it helps in enhancing the coercivity by forming Ce3+ state in CeCu5 compared to the Ce4+ state in 

CeCo5 compound.9,10 To enhance the magnetic anisotropy in the system without compromising the magnetic moment and 

coercivity, we introduced the Cu substitution as CeCo5-xCux by varying x= 0.25 to 1.0 in the system. We substituted Cu at 2c 

and 3g sites of the primitive lattice in corresponding concentrations.  The difference in the formation energies between 2c and 

3g site substituted compounds is small (i.e. 56.08 meV) indicating a possibility of Cu substitution in both sites. Next, small 

Cu concentration cell is generated by making the supercell, replacing the 2c and 3g sites of Co with Cu atoms which can be 

seen in Figure-1(b). In the CaCu5-type hexagonal structure of CeCo5, there are two symmetry directions (XY-plane and Z-

axis) to create supercell. Here the minimum configuration structure was obtained in the XY-plane, and Cu substitution 

calculations were performed with 2×1×1 and 2×2×1 supercell. The calculations with different Cu substitution patterns 

showed negligible effects on the results.  
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For CeCo5 Spin polarized calculations with GGA+SOC and GGA+U+SOC resulted to the total magnetic moment of 6.94 

µB/f.u. and 7.23 µB/f.u. (6.04/0.90 µB/f.u. and 6.04/1.19 µB/f.u. spin/orbital moments), respectively. The spin and orbital 

moment contribution of Ce atom within GGA+SOC (GGA+U+SOC) are -0.73 (-0.97) µB and 0.27 (0.57) µB, respectively. 

Because of the antiferromagnetic alignment of the spin and orbital moments of the Ce atoms, the overall moment of the 

system decreases which eventually becomes less than that of YCo5.8 The experimental total magnetic moment and earlier 

theoretical magnetic moments for CeCo5 are 7.1 µB/f.u,18,19  and 6.512 µB/f.u.,8 respectively. Although the inclusion of the 

onsite correlation20 is important for treating 4fstates, there is only one 4f electron in Ce atom and hence the onsite correlation 

may not be necessary. The calculations with GGA clearly show magnetic moment that are very close to the experimental 

value compared to that of GGA+U+SOC. Interestingly the total magnetic moment of CeCo5 is less than YCo5 (non-

lanthanide compound), the magnetocrystalline anisotropy of CeCo5 is higher than YCo5.17 The calculated values for MAE for 

CeCo5 is 1.94 meV/f.u. (3.68 MJ/m3) without U which is fairly comparable to the experimentally  observed value18 of 10.5 

MJ/m3  (and 1.16 meV/f.u. with the inclusion of U=5.2 eV and J=0.75 eV19). The substantial difference in computed and 

experimental values of MAE has also been reported by many authors21,22,23 for many systems. We also note here that MAE 

calculations from DFT  are very sensitive to the energy locations of the split 4f states. To verify, MAE we have also 

employed self-consistent total energy method in which the total energies along the planar and the c-axis magnetization 

directions are subtracted. The benchmark calculations for GGA+SOC for CeCo5 give MAE of 1.94 meV/f.u. and 1.85 

meV/f.u. using force and energy methods, respectively. The difference in the value of MAE with both methods is negligible.  

Table 1: MAE and total magnetic moments for Cu substituted CeCo5 at various concentrations. 
 

System GGA+U GGA 
MAE 

(meV/f.u.) 
Total moment 

(µB/f.u.) 
MAE 

(meV/f.u.) 
Total moment 

(µB/f.u.) 
CeCo5 1.16 7.23 1.94 6.94 

CeCo4.75Cu0.25 (at 2c) 1.62 6.1 2.94 6.15 
CeCo4.5Cu0.5 (at 2c) 1.99 5.95 3.09 5.84 
CeCo4.5Cu0.5 (at 3g) 1.26 6.07 2.06 5.96 

CeCo4Cu (at 2c) planar 4.85 planar 4.79 
CeCo4Cu (at 3g) 0.01 5.26 0.97 5.13 

 

The substitution of non-metallic Cu atom with x=0.5 leads to the highest anisotropy in CeCo5-xCux compound. The 

magnetocrystalline anisotropies with the 2c and 3g site substitutions are 3.09 meV/f.u. (5.86 MJ/m3) and 2.06 meV/f.u. (3.91 

MJ/m3), respectively, while the total magnetic moments for the corresponding site substitutions are 5.84 µB/f.u.  and 5.96 
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µB/f.u. The total spin (orbital) moment contributions are calculated as 5.05 (0.79) µB/f.u. for the 2c sites substitution and 5.1 

(0.85) µB/f.u. for the 3g sites substitution. Although the low presence of Cu atoms in the unit cell reduces the total magnetic 

moment only by 15.5% compared to CeCo5 primitive cell, but it helps in enhancing the MAE of the entire system 

significantly by 1.6 times higher than the pure CeCo5 compound. Similarly, for x=0.25 the MAE is calculated as uniaxial 

with value of 2.94 meV/f.u. Because of less content of Cu in the cell the total magnetic moment is 6.15 µB/f.u. higher than all 

other concentrations. The magnetocrystalline anisotropies were completely different for x=1.0 at 2c and 3g sites as compared 

to that of x=0.5. The anisotropy becomes planar for 2c site substitution, whereas the 3g site substitution small uniaxial MAE 

of 1.0 meV/f.u. found for CeCo4Cu compound. In this case, due to the presence of higher Cu concentration in the cell, the 

total magnetic moment also decreased to 4.79 µB/f.u. and 5.13 µB/f.u. for the 2c and 3g site substitutions, respectively.  

To investigate this abrupt change of the MAE in CeCo5 going from pure to 5%-20% site substitution with Cu, we analyzed 

individual magnetic moments, total and partial density of states, and charge density including band structures. Close 

investigation of Ce atomic moment indicates that the Ce 4f spin and 4f orbital moments are always aligned antiparallel in all 

 

 

FIG. 2. Density of states at different concentration of x in Cu for CeCo5-xCux. Black dot, blue dashed, red, dark green and 

light green lines correspond to the total (system), Ce (4f), Cu, Co at 2c and Co at 3g sites, respectively. 
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 (pristine and doped) cases. Atomistic spin moment is less negative (-0.71 µB), whereas the orbital moments are less positive 

(0.26 µB) in doped systems compared to that of pure CeCo5 (-0.73 µB and 0.27 µB). This change hardly affects the total 

magnetic moment of the doped system, however the total moment of Ce becomes importantly -0.45 µB forming a mix 

valence state between Ce4+ and Ce3+. This is also clear from the density of states (DOS) of the corresponding systems shown 

in Figure 2 and Figure 3. The inclusion of onsite electron correlation parameter shifts (towards lower energy) and sharpens 

the Ce-4f peak below the Fermi level. For CeCo5, the spin down DOS shows a sharp peak below the Fermi level contributed 

by Ce, whereas the peak broadens in the doped cases. This broadening of peaks can be understood by the nature of 

hybridization within the system when it is substituted by Cu atoms at different sites. The DOS contributed by Cu are far 

below the Fermi level as compared to the DOS contributed by Co and Ce atoms. Minor overlap of electron density is found 

around the Fermi level and this is a key point of not lowering down the magnetic moment of the entire system. Figure 3 

shows band structures with majority spins (red) and minority spins (blue) of CeCo5 and CeCo4.5Cu0.5 (with Cu at 2c site 

substitution). The metallic nature of the CeCo5 has been found with less crossover of majority spins compare to the minority 

spin bands. The majority spins are not affected with substitution.  However, because of slightly shifting of bands around the 

Fermi level, more minority spin crossover is seen for the Cu substituted case. Moreover, the reported results here are obtained 

from 0 K advanced density functional calculations. As explained above the 5 and 10 percent of Cu substitutions slightly 

affect the magnetic moment but significantly enhance the magnetic anisotropy field. It is understandable that effective 

exchange interactions will be slightly reduced while diluting Co atoms by Cu thereby slightly reducing the Curie temperature. 

The Curie temperature will still be at or above the room temperature with these small substitutions.  As pointed out above, 

the 20 % and more Cu substitutions, however, change the magnetic anisotropy from uniaxial to planar and substantially 

reduce the magnetic moment. 
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FIG.3. Band structure plots for CeCo5 and CeCo4.5Cu0.5 (at 2c) around the fermi level using GGA+SOC. Red (blue) lines 

represent the majority (minority) spin carriers.  

Total charge densities for pure and Cu substituted CeCo5 are shown in figure 4. The asymmetric charge hybridization among 

the Cu (2c) and Co (2c and 3g) atoms along the uniaxial direction is found. This is the origin of higher MAE in the Cu 

substituted compounds as compared to that of pure CeCo5. The charges are uniformly distributed within the crystal lattice in 

CeCo5, where the Co atoms at 2c and 3g sites form symmetrically hybridized layers along the z-axis making the valence state 

of cerium tetravalent. While substituting Co at 2c by Cu [Fig. 4 (b)], the hybridization layers of 2c and 3g are affected 

resulting a non-uniform charge distribution along the z-axis forming a bilayer of Co and Cu in the system. Because of this 

asymmetric charge distribution environment, the cerium atoms close to those of Cu atoms become more uniaxial in nature, 

which is clearly visible in Fig. 4 (b). This leads to the change in the intrinsic behavior of Ce atoms to change abruptly making 

them more axial and magnetically enhanced. Uniquely distributed charge affects to the magnetic moment of Ce atoms and 
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therefore it gives rise to a mixed valence state between Ce4+ and Ce3+ with cerium total magnetic moment of -0.45 µB within 

the system.  

FIG.4. 2D total charge densities for (a) CeCo5 and (b) CeCo4.5Cu0.5. Plots show the asymmetrically hybridized charge layers 

formation in CeCo4.5Cu0.5 making Ce atoms more coaxially aligned near to Cu atoms when placed at 2c sites. 

 

4. CONCLUSIONS 

          In conclusion, by performing first principles calculations, we have demonstrated a very crucial role of Cu in enhancing 

the capabilities of CeCo5 as a better magnet with its naturally existing high coercivity. The detailed electronic structure 

analysis of the site substitution mechanism in the hexagonal CeCo5 crystal shows that the 2c site gives rise to highest uniaxial 

magnetocrystalline anisotropy energy of 3.09 meV/f.u. and 2.94 meV/f.u. without affecting the total magnetic moment in the 

system with 10% and 5% Cu substitution, respectively in CeCo5. However, the calculations also suggest that the dense 

substitution (20% or higher) leads to the planar anisotropy. Layered hybridization of transition atoms found with less Cu 

content helps in increasing the anisotropy of the system with the formation of mixed Ce valence states.          
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