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Abstract:



The effect of strain on the CeNi5 system has been investigated using density functional theory (DFT). The studies have shown that localised Ce 4f and Ni 3d states carry the magnetic moment of the material. The Ce 4f moment remains relatively unchanged during strain whereas the Ni 3d moment increases as the strain becomes increasingly tensile in both the basal and non-basal directions. A significant strain-dependent interaction exists between delocalised, non-magnetic Ce 6s–Ni 4s states. A weaker group of Ni 3d–Ce 6s/Ni 4s and Ni 3d–Ni 3d interactions exist, indicating that competing localised and delocalised mechanisms act on the Ni 3d states during strain.






Keywords:


intermetallic; CeNi5; strain engineering; lanthanide; RKKY








1. Introduction


Intermetallic compounds have attracted considerable interest because of both their technological versatility and the range of fundamental phenomena that they exhibit. RNi5 materials—where R is a Y, La, or a rare earth element—are used extensively in Ni–M–H energy storage units, reflecting the wider interest in the use of intermetallic materials in this technology [1].



CeNi5 has a CaCu5-type structure with a lattice parameter a = 4.87 Å and a ratio of non-basal to basal dimension of 0.83 [2]. The structure has space group P6/mmm. Investigations of CeNi5 [3,4] have shown that the local Ce and Ni spin densities are separable, but recent studies into the pressure dependence of the system [5] have highlighted the limitations of a simplistic Stoner model of the magnetic susceptibility of the system. The same study [5] also demonstrated for the contemporary YNi5 system that a complex set of interactions exists between the spin and orbital moment. It has also been shown that CeNi5 demonstrates spin fluctuations [6,7,8], which themselves are an interpolative model [9] that bridges the weakly and strongly ferromagnetic limits.



The magnetic description of CeNi5 is consequently complex and the current work aims to elucidate the interactions within the bulk crystal by systematically deforming the crystal looking at its response. This technique is conceptually similar to the strain engineering, which has been an important component of semiconductor physics for a number of years [10]. The technique has proven successes, and extensive studies exist of Si, Ge, and III-V alloy systems [11,12]. In addition, recent studies have investigated wide-bandgap materials such as SiC [13]. These studies have a considerably developed understanding of the electronic nature of the materials. Studies of strain across intermetallic materials have shown a greater focus towards their mechanical behaviour and are predominantly applied investigations. Unprecedented studies in surface science [14], however, have used the technique to identify phase transitions in the H/Pt(111) system. The studies have shown that only a nominal change in the Pt(111) surface lattice parameter can cause a shift in the binding position of the surface hydrogen and have demonstrated the utility of strain in fundamental investigations of non-semiconducting systems. The application of [14] is of key importance for the energy industry, as strained Pt overlayers formed across a Pt3Ni substrate are significantly more catalytically active in the oxygen reduction reaction (ORR)—a key step in energy storage technology—than their unstrained counterparts [15]. This observation is particularly germane in the current studies: The importance of intermetallic compounds in energy storage has already been identified, and a systematic knowledge of their behaviour under strain may suggest optimal engineering strategies for these materials.



The current work is laid out in the following way: The theoretical techniques are outlined, and a discussion of the results obtained from these techniques is then presented. The results focus on the real space models of the CeNi5 system and will discuss the spin density, the density of states, and the crystal orbital overlap population (COOP) of the electronic states within the bulk system. The work will then conclude with a summary of the key findings.




2. Theory


The SIESTA LCAO-DFT package [16] was used to perform the simulations presented in this paper. The exchange–correlation interaction was estimated using the revised PBE functional [17]. The atomic orbitals were described using double zeta orbital basis sets [18] and were composed of Ni 3d and 4s orbitals with Ni 4p polarization states, and Ce 4f and 6s orbitals with Ce 6p polarization states. Relativistic pseudopotentials for Ni and Ce were generated using valence configurations of 4s24p03d84f0 and 6s26p05d14f1, respectively, and using the improved Troullier–Martins method [19,20]. A single Kleinman–Bylander projector was used to represent each angular momentum channel [21]. Brillouin zone integration was performed using an optimal mesh with a fineness of 25 Å [22], and a plane-wave cut-off energy of 300 Ry was used. The GGA method was employed without Hubbard correction because of the Stoner-like character of the system [23]. All calculations presented in this paper were fully spin-polarized. A linear mixing strategy was used to combine the working density matrices during the self-consistency stage of the calculation. A low mixing weight (<1%) was using during this part of the calculation in a strategy that has been proven to reliably generate the ground magnetic state in recent studies of Ce/Pd surface alloys [24].



Figure 1 shows the CeNi5 unit cell used throughout the current work. The dimensions of the unit cell are defined by the diagonal length parameter a where
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Figure 1. The CeNi5 structure, (a) projected into the basal plane and (b) in a cross section along the diagonal of the basal plane. The Ce and Ni3 atoms are at height c = 0, whereas the Ni2 and Ni2L atoms are at a height of [image: there is no content]. The subscripts ‘2’ and ‘3’ refer to the local symmetry of the Ni atoms, and the ‘L’ highlights the proximity of the Ni atom to the lanthanide.
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The non-basal dimension is defined by c. Throughout this paper, c is presented in units of a; using this definition, the product ca is in units of Å. During each simulation, the a and c were held constant, and the self-consistent field for that particular system was determined. The ion cores were kept fixed at their P6/mmm sites for every simulation, and no relaxation of the ion core position was performed.



The spin populations [image: there is no content] were determined using
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The [image: there is no content] and [image: there is no content] were, respectively, the spin-up and spin-down components of the atomic charge. All results presented in the current work were from a Mulliken population analysis; estimations of the same parameters using both the Hirshfeld [25,26] and Voronoi [26,27] populations were not significantly different to the Mulliken analysis and are consequently not presented. In the current work, the bond orders (BO) were defined as the integral of the crystal orbital hamiltonian population (COHP) [28] up to the Fermi energy EF [29]. The COHP is closely related to the crystal orbital overlap population (COOP), but the COHP is a partition of the systems band structure energy rather than the electrons. The BO presented in this work should be interpreted as a measure of the relative interaction strength rather than as a direct measure of the amount of electron sharing between orbitals.



Using this formulation, the bond order (BO) can be interpreted as the RKKY interaction [24] using
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where kF is the Fermi wave-vector, r is the inter-nuclear distance, and J is the interaction strength between spins. The inter-nuclear distances are defined by parameter a in Equation (1) and took values of 4.3–4.8 Å. Based on this length range, the [image: there is no content] term predicts a ferromagnetic interaction between the Ni and Ce states, which is seen in the following section.




3. Results and Discussion


Figure 2 shows the equations of state obtained for the bulk CeNi5 system. The system has been strained by ±5% of the equilibrium lattice parameter; within this range, the Kohn–Sham energies EKS are seen to change by 200–300 meV. Pedagogically, the strain is therefore adequate to evidence changes in the dipole moment, densities of states, and bond order, which will be the focus of the remainder of this work. However, this range of strain would also be accessible experimentally by either changing the stoichiometry of the unit cell by depositing the sample on a support with a different lattice constant—and then particularly studying the interface region between the CeNi5 and the support—or by applying mechanical strain. Additionally, an applied pressure of up to 7.17 GPa can be used to effect a 5% change in the lattice parameter [30].


Figure 2. Equations of state for the bulk CeNi5 system. The inset shows the values of c used for each curve, and the lowest EKS state exists at a = 4.55 Å and c = 0.84 (3.822 Å).
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Figure 3 shows the spin populations [image: there is no content] of the (a) Ce 6s, (b) Ce 4f, (c–e) Ni 4s, and (f–h) Ni 3d states evaluated across the range of strains defined in Figure 2. The results are shown for each of the different types of Ni species present in the unit cell—that is, Ni3, Ni2, and Ni2L. Because of their different binding geometries and local symmetry, the electronic character of each of these species is anticipated to be different, particularly between the twofold Ni2 and Ni2L atoms and threefold Ni3 atom. The similarities between each of these species and their response under strain will therefore be scrutinised in this work.


Figure 3. The effects of strain on the spin moment [image: there is no content] of the bulk CeNi5 system for the (a) Ce 6s, (b) Ce 4f, (c–e) Ni 4s, and (f–h) Ni 3d states. The legend in (a) shows the values of c used for each curve, and the same legend applies to every panel in this figure.
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The delocalised Ce 6s and Ni 4s states have [image: there is no content], which is comparatively negligible to the Ce 4f and Ni 3d states. In addition, the variation in the moment of the Ce 4f state is much smaller than that of any of the Ni 3d states. The variation in the Ce 4f moments shown in Figure 3b is approximately 0.035e. This is over an order of magnitude smaller than the variations of approximately 0.400e seen for the Ni 3d states in Figure 3d–f. The polarizability of each of the Ni 3d states is therefore much larger than that of the Ce 4f states under the influence of strain.



Figure 3d–f also shows that the rate at which [image: there is no content] changes with a—i.e., the slope of the curves shown in those figures—are generally the same for each of the Ni species, particularly for the Ni2 and Ni2L pair. Certain exceptions exist for the Ni3 case, particularly for large out-of-plane strains (c = 0.94). This is highly suggestive that the mechanism by which the Ni 3d orbitals are distorted under strain is predominantly delocalised or non-directional. The differences between the Ni2/Ni2L and Ni3 responses indicate that increasing the local valence of the Ni atom makes the local orbitals modestly more susceptible to distortion; however, Figure 3d–f show very clearly that these effects are minor when compared to those that are delocalised.



The effects of basal strain (variation in a) on the projected density of states (PDOS) is shown in Figure 4 for the (a) Ce 6s, (b) Ce 4f, (c–e) Ni 4s, and (f–h) Ni 3d states. The Ce 6s ↑ (↓) states show a maximum (minimum) at −2.8 eV (−1.7 eV) for the case of maximum compressive strain (a = 4.00 Å). These shift to lower energies, specifically at −4.0 eV (−3.5 eV) for the case of maximum tensile strain (a = 5.00 Å). The Ce 4f states in Figure 4b show significantly less variation with the only occupied spin-up state remaining comparatively constant at −0.5 eV. All spin down components of Ce 4f lie in the region [image: there is no content]. A similar level of localisation is evident for the Ni 3d states. All three species have leading spin-up (spin-down) states at approximately −1.6 eV (−0.3 eV Ni2/Ni2L and −0.03 eV Ni3). The variance in the position of the Ni 3d states is ±0.05 eV across the range of strains considered in the current work, whereas the Ni 4s states show a variance of ±1.0 eV.


Figure 4. The effects of basal strain on the projected density of states (PDOS) of bulk CeNi5 for the (a) Ce 6s, (b) Ce 4f, (c–e) Ni 4s and (f–h) Ni 3d states. Each panel shows spin-up and -down components in the PDOS > 0 and PDOS < 0 portions of the graph, respectively. Subsequent curves are offset vertically for clarity and were obtained using values of a = 4.00, 4.05, …, 5.00 Å. The curves obtained for a = 4.00 Å lie along the line PDOS = 0, and those for a = 5.00 Å lie furthest from this axis. For all the curves presented in this figure, c = 0.84.
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The different variances in the peak position are typical for localised states—particularly the Ce 4f states and, to a very similar extent, the Ni 3d states—and their delocalised (s) contemporaries. In the delocalised case, the energetic variances compensate for changes in the overlap that occurs as the crystal is deformed. Consequently, the variances are greater for states that demonstrate a greater degree of delocalization—in this case, for the Ce 6s and Ni 4s states. Crystal field effects are also evident from the formation of additional electronic states that evolve as the amount of strain is varied. The development of these additional states are seen particularly for the Ni2/Ni2L 4s and Ni3 3d sequences shown in Figure 4c–e and Figure 4f–h, respectively. However, they are precluded from further analysis, as the focus of the paper is on the interaction between states rather than the character of individual states.



Figure 5 and Figure 6 respectively show the bond order (BO) between all groups of Ce–Ni and Ni–Ni interactions. In the current work, BO is used as a measure of interaction strength in the same way it was used in recent studies of Ce/Pd surface alloys [24]. A positive (negative) value for BO indicates that the interaction is bonding (anti-bonding). Figure 5a shows the Ce 6s–Ni 4s interactions. The Ce–Ni2BO were not significantly different to the Ce–Ni21BO presented and are therefore removed for brevity. Figure 5a shows that all Ce 6s–Ni 4s interactions decrease in anti-bonding character as the in-plane lattice parameter a increases. However, the out-of-plane distortion affects the two groups of interactions differently. The Ce–Ni3 interaction becomes increasingly anti-bonding as c increases, whereas the reverse is true for the Ce–Ni2L interaction. This shows that, though the Ce–Ni3 inter-nuclear direction is purely in-plane, its binding is strongly affected by out-of-plane distortion. A re-ordering is also seen between the Ni 4s–Ni 4s interactions in Figure 6a. This is clearly demonstrated for in the Ni3–Ni2 interaction; moreover, though it is also observable for Ni2L–Ni2, the effect is clearly enhanced if the inter-nuclear vector lies out of the basal plane.


Figure 5. Bond orders (BO) of the state-resolved Ce–Ni interactions within the strained CeNi5 system for the (a) Ce 6s–Ni 4s, (b) Ce 6s–Ni 3d, (c) Ce 4f–Ni 4s and (d) Ce 4f–Ni 3d interactions. The ↑ and ↓ arrows denote BO estimated using the spin-up and -down components of the crystal orbital overlap population (COOP), respectively. The subscripts in each panel indicate the pair of atoms between which the BO has been evaluated. The legend in (a) shows the values of c used for each curve, and the same legend applies to every panel in both Figure 5 and Figure 6.
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Figure 6. Bond orders (BO) of the (a) Ni 4s–Ni 4s, (b) Ni 4s–Ni 3d, and (c) Ni 3d–Ni 3d interactions within the strained CeNi5 system. The ↑ and ↓ arrows denote BO estimated using the spin-up and -down components of the crystal orbital overlap population (COOP), respectively. The legend in Figure 5a defines the values of c used for each curve.
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Figure 5b shows the BO between the Ce 6s–Ni 3d states. The interaction is bonding but there is a smaller variation in strain than was seen for the Ce 6s–Ni 4s case. This is because the Ni 3d states are more localised. This trend continues for the Ce 4f cases in Figure 5c,d. Ce 4f states lie at higher energies than the Ni 3d states and are consequently spatially more localised. Figure 5c,d thus precisely show that the bond orders become progressively smaller as the localisation increases, particularly for the group of Ce 4f–Ni 3d.



Table 1 summarises the bond order curves presented in Figure 5. In both Table 1 and Table 2, the average bond order [image: there is no content] and the standard deviation of the bond order [image: there is no content] were calculated using the data presented in Figure 5 and Figure 6, across all strain states. Table 1 clearly shows that the largest variance of BO occurs between the delocalised Ce 6s–Ni 4s states with comparatively nominal changes being seen for all the remaining interactions. This trend is seen to a similar extent in Table 2, which analyses the Ni–Ni interactions presented in Figure 6a–c in the same way. In the latter case, however, stronger interactions are seen between the Ni 3d states and the other Ni states than are seen between Ce 4f and the remaining states.



Table 1. Summary of the average Ce–Ni bond order [image: there is no content] and its standard deviation [image: there is no content] for the strain states of the CeNi5 system defined in Figure 5. The most significant BO are highlighted.







	
Interaction

	
r

	
Spin

	
[image: there is no content]
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Ce 6s–Ni 4s

	
Ce–Ni3

	
↑

	
−12.5

	
5




	
Ce–Ni2L

	
↑

	
−5.0

	
6




	
Ce–Ni3

	
↓

	
−12.4

	
5




	
Ce–Ni2L

	
↓

	
−5.0

	
6




	
Ce 6s–Ni 3d

	
Ce–Ni3

	
↑

	
0.9

	
0.1




	
Ce–Ni2L

	
↑

	
1.5

	
0.5




	
Ce–Ni3

	
↓

	
1.05

	
0.1




	
Ce–Ni2L

	
↓

	
1.75

	
0.75




	
Ce 4f–Ni 4s

	
Ce–Ni3

	
↑

	
0.35

	
0.05




	
Ce–Ni2L

	
↑

	
0.40

	
0.15




	
Ce–Ni3

	
↓

	
0.04

	
0.04




	
Ce–Ni2L

	
↓

	
0.075

	
0.075




	
Ce 4f–Ni 3d

	
Ce–Ni3

	
↑

	
0.1

	
0.1




	
Ce–Ni2L

	
↑

	
0.05

	
0.03




	
Ce–Ni3

	
↓

	
0.05

	
0.05




	
Ce–Ni2L

	
↓

	
0.03

	
0.03










Table 2. Summary of the average Ni–Ni bond order [image: there is no content] and its standard deviation [image: there is no content] for the strain states of the CeNi5 system defined in Figure 6. The most significant BOs are highlighted.
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Spin
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Ni 4s–Ni 4s

	
Ni3–Ni2

	
↑

	
−40

	
20




	
Ni2L–Ni2

	
↑

	
−15

	
15




	
Ni3–Ni2

	
↓

	
−40

	
40




	
Ni2L–Ni2

	
↓

	
−20

	
20




	
Ni 4s–Ni 3d

	
Ni3–Ni2

	
↑

	
9

	
3




	
Ni2L–Ni2

	
↑

	
3.25

	
0.5




	
Ni3–Ni2

	
↓

	
10

	
2




	
Ni2L–Ni2

	
↓

	
4

	
0.6




	
Ni 3d–Ni 3d

	
Ni3–Ni2

	
↑

	
3

	
2




	
Ni2L–Ni2

	
↑

	
0.75

	
0.65




	
Ni3–Ni2

	
↓

	
7.5

	
5




	
Ni2L–Ni2

	
↓

	
1.75

	
1.25










The analysis has therefore shown that significant changes occur to the non-magnetic Ce 6s–Ni 4s interaction as the CeNi5 crystal is strained. A weaker but significant change is also seen during strain to both the Ni 3d–Ce 6s and Ni 3d–Ni 4s, but little change occurs to the Ce 4f states. It is therefore possible to treat the localised Ni 3d and Ce 4f parts of the system separately and possible to conjecture that an RKKY-type interaction acts on the Ni 3d states because of the dependence of these states on the delocalised components of the crystal.




4. Conclusions


In the current work, the bulk CuNi5 system was investigated using spin-polarised density functional theory (DFT) and has focussed on elucidating the behaviour of the system under strain using real space techniques. The study has shown that, during strain, the spin moment localised on the Ni atoms changes significantly compared with those localised on the Ce atoms that remain relatively constant. The spin moment associated with both the Ni 4s and Ce 6s states has been shown to be negligible.



Changes in the delocalised Ce 6s–Ni 4s interactions during strain have been shown to be significant. This was evidenced by measuring the bond order (BO) between these two components. BO studies also show a weaker, though still significant, change between the Ni 3d and both the Ce 6s and Ni 4s states. These observations may be interpreted as evidence of an RKKY-type interaction existing between the Ni 3d states, as RKKY is typically considered as an interaction that occurs between localised spin moments via a delocalised intermediary. The pedagogy of strain engineering within DFT has therefore been demonstrated to be an effective way of elucidating this type of mechanism within a complicated magnetic system.
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