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a b s t r a c t
The deviation of positions of atoms from their ideal lattice sites in crystalline solid state systems causes
distortion and it causes variation in structural [1] and functional properties [2]. Severe lattice distortion
has been proposed to be one of the core-effect in high-entropy alloys. But the fundamental mechanism of
distortion at atomic scale is missing for real three-dimensional metallic systems. The present investigation
aims to develop mechanistic understanding of atomic scale distortion in metallic systems in terms of
the magneto-volume effects. The correlation between charge-disproportion, spin ﬂuctuations, magnetovolume effects and Fermi surface nesting has been highlighted.

Distortion in metallic systems is a topic of debate in the context of multi-component concentrated alloys or so called “highentropy alloys (HEAs)” [3–8]. Such distortions are known to inﬂuence the structural properties of these alloys [9,10]. Local lattice
distortion is instrumental in the determination of elastic properties, where size misﬁt plays the crucial role by modifying the elastic properties of metallic alloys[11]. Accurate determination of such
properties is a key part in developing predictive models for designing newer alloys [12]. HEAs are conﬁgurational disordered systems
with short-range order in certain cases [13]. CoCrFeMnNi HEA also
shows magnetic disorder and spin frustration [14,15]. The chemical
and magnetic disorder are the characterisitcs of such HEAs. Traditionally, inﬂuence of chemical and magnetic disorder along with
local electronic structure on distortion has been studied with Special Quasi-Random Structure (SQRS) generated supercell. In such
scheme supercell is generated to mimic atomic correlation function
for perfectly disordered solid solution. Additionally, other schemes
such as similar local atomic environment (SLAE) scheme has also
been employed to generate random solid solution [1]. SQRS has
been particularly employed for studying CoCrFeMnNi [16,17], CoCrFeNi [18,19] and other sub-alloy systems of CoCrFeMnNi. Such
studies have pointed towards the signiﬁcant inﬂuence of Cr and
Mn on the distortion in CoCrFeMnNi and it should be noted that
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inﬂuence of such chmeical species have been conﬁrmed with combined theoretical and experimental studies [17,20]. In spirit of
above, we have carried out structural relaxation of CoCrFeNi HEA
and Fig. 1 shows the bond-length distribution which have normal
distribution, such distribution for bond-length has also been reported for SQRS generated CoCrFeNi HEA [19]. The inset shows that
signiﬁcant scatter is associated with Cr bonds in comparison with
other bonds in CoCrFeNi, which imlies that Cr play signiﬁcant role
in distortion in CoCrFeNi HEA. But it should be noted that it is difﬁcult to develop mechanistic picture of interaction of Cr with other
alloying elements in the distortion in such metallic alloys.
In view of delineating the elemental inﬂuence, we have studied
the evolution of distortion with the impurity-in-matrix approach
[21] with elements forming the CoCrFeMnNi HEA. We generated
an FCC crystal structure for Co, Cr, Fe, Mn and Ni, while a BCC
structure was used for Cr, Fe, and Mn. A HCP matrix was generated
for Co only. Other elements were added as an impurity in each
of the above-stated matrices in the centre of the supercell. Geometry optimisation in Density Functional Theory (DFT) was carried out to determine the equilibrium bond-length between various atoms in the supercell. Fig. 2 shows the histogram of bondlength range for various cases. The bond-length range was determined as the difference between maximum and minimum of the
equilibrium bond-length values present in the supercell. We considered this bond-length range as a measure of the distortion in
the supercell. In each case it was bond-length values for each atom
with its ﬁrst nearest-neighbour which were determined. It is clear
from our results that FCC-Cr with impurities tends to have greater
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Fig. 1. Bond-length distribution for CoCrFeNi HEA. The inset shows the scatter of
bond-length values.

distortion in comparison with the other cases examined. It should
be noted that Cr and Mn in multi-component alloys are known to
cause maximum distortion [17]. We have plotted spin-isosurfaces
for these cases and we found ﬁnite spin-polarisation in these systems. It can be seen that Cr at the ﬁrst nearest-neighbour position tends to have both up and down spin associated with it. It
is known that electronic redistribution, spin-ﬂip and change in the
bonding structure are correlated in transition metal based systems
[22].
We have additionally looked into the charge disproportion and
magnetic moment of the impurity atom in the matrix and plotted
it with respect to the distortion in the supercell. It can be seen in
Fig. 3a that in the case of FCC-Cr, the impurity atom gains electronic charge and the magnetic moment associated with impurities remains close to zero. Such charge-transfer has been reported
to be important in atomic-level stress [20,23]. In view of quantifying the inﬂuence of the charge disproportion, we have carried out
Bader charge analysis, where the net charge on the atom was calculated using Henkelman’s grid-based algorithm [24]. After calculation of Bader charge on all atoms in the supercell, we subtracted
the Bader charge on a particular atom from the original electronic
charge in the pseudopotential to determine the net gain or loss of
charge on each atom. It can be seen that impurity atoms in FCC-Cr,
tend to gain electronic charge, which is not in the agreement with
Pauling’s electronegativity scale for Mn in FCC-Cr but rather, Allen’s
scale provides the correct electronegativity trend for all the cases
(see Table 1 in the supplementary information (SI) for electronegativity values). The Allen’s scale of electronegativity has been found
to be successful for HEAs [25]. Even with net electronic gain on the
impurity atoms, interestingly the Bader volume occupied by the
impurity atoms seems to be shrinking (Fig. 3b) and such volume
misﬁt has been correlated with distortion [26]. Recent experimental work has also shown that Cr inﬂuences the lattice parameter of
CoCrFeNi alloy most in comparison with Co, Fe and Ni and hence
it exhibits the strongest lattice distortion effect in this alloy [27]. It
should be further noted that the impurity-ﬁrst nearest neighbour
bond-length is lower than the bond-length of Cr–Cr pairs.
So to determine the inﬂuence of the magnetism on the evolution of distortion, we carried out constrained spin-polarised calculations for the case, where we saw signiﬁcant distortion (i.e.,
FCC-Cr with impurities). In these calculations, we forced ferromagnetism on the system by constraining the supercell to have a total
initial magnetic moment. We conﬁrmed the imposition of ferromagnetism by determining total electronic density of states (DOS)

(See Fig. 2 in the SI), which shows the exchange split in up and
down spin for constrained ferromagnetic calculations. It can be
clearly seen that forcing ferromagnetism causes the reduction of
distortion (Fig. 3c) as well as reduction in volume-shrinkage associated with the impurity atoms in the supercell (Fig. 3d). Such observation points towards a correlation between volume shrinkage
and distortion in such systems. The correlation of volume shrinkage and reduction in the bond-length between substitutional solute and Cr explains the local distortion (or negative strain) observed when 3d transition metals are alloyed with another transition metal [21]. Also, it can be seen that forcing ferromagnetism in
FCC-Cr system leads to the lower charge disproportion on the impurity atom and higher magnetic moment. Additionally, we found
two magnetic ground-states for FCC-MnCr (i.e., Cr in FCC-Mn); ﬁrst
with a high magnetic moment associated with Cr and Mn (high
spin state) with higher distortion 0.12 Å and a second one with
lower magnetic moment with lower distortion (0.036 Å). The characteristic of distortion in the case of FCC-MnCr (i.e., Cr impurity
in FCC-Mn) is different from as that seen in the case of FCC-Cr
matrix. In the case of the FCC-Cr matrix, distortion takes place at
impurity-Cr bonds, while in the case of FCC-MnCr, Mn–Mn interaction causes the distortion. The Bader analysis similarly showed the
discrepancy in the volume associated with Mn, which is minimised
in the case of low magnetic moment case (Fig. 3e).
As stated above, substitutional alloying in FCC-Cr leads to ﬁnite
spin polarisation in the system or the magnetic moment associated with the FCC-Cr matrix atoms and impurity atom has some
ﬁnite value. The range of magnetic moment associated with FCCCr with impurity supercell is −0.004 to 0.001 μB for FCC-CrCo
(Co impurity in FCC-Cr), −0.018 to 0.038 μB for FCC-CrFe (Fe impurity in FCC-Cr), −0.168 to 0.016 μB for FCC-CrMn (Mn impurity in FCC-Cr) and −0.0 0 02 to 0.0 0 04 μB for FCC-CrNi (Ni impurity in FCC-Cr). We visualised the Kohn-Sham orbitals in the
plane of the impurity. We found the ﬂuctuation in the magnetic
moment of Kohn-Sham states between the impurity and Cr in
the FCC-Cr matrix. Such ﬂuctuation is absent in the case of ferromagnetic systems (see Fig. 3(a) (a) and 4 in SI). Additionally
such ﬂuctuation was also seen in the case of high spin FCC-MnCr,
where signiﬁcant distortion is seen (Fig. 3(b) and (c) in SI). To ensure that such ﬂuctuation might not be due to numerical noise,
we studied the ﬂuctuation at various k-points (Fig. 6 in SI). It is
clear that the ratio of the magnetic moment of conduction Kohn–
Sham states and that of impurity atom remains close to 10−3 . We
additionally contracted and expanded the supercell of the FCCCrCo system and carried out electronic minimisation to the effect
of lattice movement on the appearance of the ﬂuctuation in the
magnetic moment of the conduction Kohn-Sham states. We observed that when the system was contracted by 0.93 of the equilibrium volume (Fig. 7(a) in SI), the spin ﬂuctuations were still
present suggesting a link to the relaxation of the atoms towards
each other in the general case. Expansion of the system removed
the presence of the ﬂuctuation again suggesting that this effect is
linked to the localised distortion of atoms moving closer together
within the cell. Therefore the ﬂuctuation appears to be a screening behaviour between the conduction Kohn-Sham states. It should
also be noted that such ﬂuctuations are closely correlated with
the atomic movement. In view of inﬂuence of conduction KohnSham states in the above-stated cases, we generated the Fermi
surfaces for FCC-CrCo, FCC-CrFe, FCC-CrMn and FCC-CrNi. These
calculations were carried out using a larger supercell with 108
atoms. We observed the parallel sheets of the Fermi surfaces
(Fig. 4) in each case. In Fig. 4 we also show a two-dimensional
cross section of the Fermi surfaces for all cases which have been
obtained from sectioning the three-dimensional surface parallel to
the (020) plane. The parallel sheets to Fermi surface are quantiﬁed
in terms of vector for which the sheets are parallel. This phenom-
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Fig. 2. Variation in the bond distortion for various cases, spin iso-surface for Cr matrix has been added showing Cr with both up and down spin.

Fig. 3. (a) Variation of Mulliken charge, magnetic moment of impurity and distortion in the supercell. The qualitative agreement between Mulliken and Bader charge is
presented in Fig. 1 of SI. (b) Bader volume associated with net Bader charge of impurity and matrix (c) Change in Mulliken charge, magnetic moment of the impurity and
consequent change in distortion for ferromagnetic system (d) Bader volume associated with net Bader charge for impurity and matrix elements for ferromagnetic case (e)
Bader volume associated with Mn and impurity Cr atoms with respect to net charge for high spin (high magnetic moment) and low spin (low magnetic moment) case.
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Fig. 4. Fermi Surface topology for Co, Fe, Mn and Ni in FCC-Cr (drawn using FermiSurfer), along with response function for each of these cases. The inset in the ﬁgure show
the maximum value of response function with distortion in the supercell.

ena is known as Fermi surface nesting and the above-stated vector
is the nesting vector (q). To quantify the Fermi surface nesting, we
determined the response function (χ (q)) [28] as,

χ (q ) =



k,µ,ν



fk,µ − fk+q,ν
Ek,µ − Ek+q,ν



(1)

where, μ and ν are band indices, while f is occupancy factor,
which is zero above the Fermi energy and one below the Fermi
energy. The results across the cell are shown Fig. 4. The inset of
Fig. 4 shows the linear correlation of max(χ (q)) with distortion,

where systems with lower Fermi surface nesting have higher distortion. In pure Cr in the BCC state, Overhauser predicted spin
density wave (SDW) [29], while Lomer suggested that the SDW
is enhanced if Fermi surface nesting is present [30]. Also, Marcus
et al., showed that strain waves (sinusoidal variation of strain) due
to the magneto-volume effect may also stabilise SDW [31]. So, it
can be stated that Fermi surface nesting and distortion in pure Cr
are positively correlated. In our investigation for FCC-Cr with impurity, we have found a negative correlation between Fermi surface nesting and distortion. In our case, Co, Fe and Ni in FCC-Cr
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lead to the ferromagnetic ordering with ﬂuctuating spin at the interstices, while antiferromagnetic ordering is present in the case
of Mn in FCC-Cr. It is clear that spin ﬂuctuations are mediating
the magneto-volume effects (i.e., volume shrinkage). It can be understood that above-stated mechanisms involving charge-transfer
and magnetic characteristics lead to the magneto-volume effects.
Additionally a correlation between distortion due to the magnetovolume effect and Fermi surface topology has been presented for
the simple cases. But, it should be noted that such effects such as
ﬂuctuation in atomic volumes and charge transfer have been reorted for the concentrated multicomponent HEA [32]. Recent experimental work [33] has shown that Fermi surface features survive even in the presence of disorder in the case of CoCrFeNi HEA.
Such report points towards the applicability the mechanistic picture presented above in the case of impurity-in-matrix calculations
for complex concentrated alloys.
In summary, the present investigation shows the correlation between charge disproportion, spin-ﬂip, Fermi surface nesting with
the distortion in metallic systems. We have observed the volume
shrinkage of the valence electron cloud, which leads to the reduction of equilibrium bond-length between metallic elements. Such
volume shrinkage is related to the magnetic ground-state along
with the screening effects of conduction electrons. It has also been
shown that distortion and Fermi surface nesting are negatively correlated. This study provides a fundamental description of distortion
in three dimensional metallic systems which will be relevant for
the design of newer alloys with attractive structural properties.
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Method
DFT calculations were performed using the CASTEP code [34],
which uses a plane-wave expansion of one-electron wave functions. Ultrasoft psuedopotential were used to deﬁne the electronion interaction [35]. The electron exchange-correlation was deﬁned
using the generalised gradient approximation [36] with a PerdewBurke-Ernzerhof functional [37]. Spin-polarised calculations were
carried out to introduce magnetism. Geometric optimisation was
carried out in all the cases to obtain the statically relaxed structure with tolerance values for ionic displacement, force on ions,
stress on ions set to 0.001 Å, 0.05 Å, and 0.1 GPa, respectively. The
geometric relaxation was carried out without imposing any constraints to determine the magnetic ground state of the system. The
DFT calculations were performed with the supercell approach with
the impurity-in-matrix methodology which means that a different
element is added to the centre of the supercell of a pure elemental system. The FCC structure was modelled for Co, Cr, Fe, Mn and
Ni, while a BCC structure for Cr, Fe and Mn was generated. The
HCP structure for Co was generated as well. A 2x2x2 supercell was
generated for BCC, FCC and HCP cases, containing 16, 32 and 16
atoms respectively. In each of these cases, the remaining elements
are added as a perturbation substitutionally to determine their individual effect on the bond-lengths to characterise the inﬂuence of
individual elements on distortion in alloys. The plane wave cut-off
(Ecut ) for Co, Cr, Fe, Mn and Ni were determined to be 500 eV,
70 0 eV, 50 0 eV, 70 0 eV and 50 0 eV, respectively. The number of
k-points for Brillouin-zone integration was determined from convergence testing to be 103 , 123 , 103 , 103 and 123 for Co, Cr, Fe, Mn
and Ni, respectively. In the case of matrix-in-impurity calculations,
higher Ecut and k-points were chosen. Additionally, 3x3x3 supercell
containing 108 atoms was employed for FCC-Cr matrix with Co, Fe,
Mn and Ni impurity was carried out as well with Ecut of 700 eV,
600 eV, 600 eV, and 700 eV, respectively. A 10x10x10 k-points grid
was used for 3x3x3 supercell calculations. A 2x2x2 supercell for
the CoCrFeNi HEA was constructed by random placement of the
atoms on the lattice sites. Calculations were performed with a Ecut
of 600 eV and 10x10x10 k-points.
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