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Magnetocrystalline anisotropy (MCA) is a preference of direction of magnetization, a fundamental characteris-

tic of magnetic materials. In cubic crystals like bcc-Fe and fcc-Ni, MCA vanishes identically due to symmetry.

However, the tetragonal distortion along the z-axis can induce a non-vanishing MCA by breaking the cubic

symmetry. Using first-principles calculations, we analyze magnetocrystalline anisotropy energy (EMCA) with

respect to c/a ratio, a degree of tetragonalization. For Ni, EMCA is found to be 78 µeV/atom and +89 µeV/atom,

while for Fe, it is +44 µeV/atom and 41 µeV/atom at c/a = 1.05 and 0.95, respectively. Based on the analysis of

electronic structure, we reveal how band shifts associated with tetragonal distortion drive the MCA. Further-

more, magnetostriction coefficients (λ001) are evaluated, producing values of 23 ppm for Fe and 52 ppm for Ni,

consistent with experimental observations.
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1. Introduction

For many decades, magnetism has influenced techno-

logical progress, with significant impact by recent

research such as spintronics, sensors, and challenging our

notion in basic science [1–3]. Among those, key

phenomena closely tied to spin-orbit interactions (SOI),

such as MCA and Rashba effects have broadened

fundamental understanding with innovations in spintronics.

More specifically, magnetic random access memory

(MRAM) and magneto-optical devices [4–8] have been

driving force in spintronics. MCA is a fundamental

characteristic of magnetic materials, which is a preference

of direction of magnetization. It originates from spin–

orbit coupling (SOC) and is highly sensitive to the

symmetry of the crystal lattice [9]. This symmetry

sensitivity becomes especially important in epitaxial thin

films, where lattice mismatch, interfacial strain, and

growth conditions imposed by the substrate often distort

the film structure and lower the symmetry. Such

distortions or lowered symmetry can lead to substantial

modifications in MCA, even when the chemical

composition remains unchanged [10, 11]. These effects

are clearly demonstrated in a number of epitaxial systems.

For example, Fe grown on an Ag (001) substrate

undergoes a structural transformation from bulk body-

centered cubic (bcc) phase to body-centered tetragonal

(bct) phase due to epitaxial strain, resulting in significant

changes in MCA [12]. Similarly, Ni films deposited on Fe

(001) and Au (001) substrates, deviating from the cubic

symmetry of bulk Ni, are found with pronounced

variations in magnetic anisotropy [13]. In this study, we

examine MCA of Fe and Ni by the tetragonalization,

demonstrating a transition to perpendicular magnetic

anisotropy (PMA) or in-plane magnetic anisotropy (IMA)

under compressive or tensile strain. Our analysis based on

electronic structure shows that changes in the c/a ratio

cause substantial MCA variations due to the orbital

interactions leading to band shifts, as verified in partial

density of states (PDOS) and band structures. Addi-

tionally, we also computed magnetostriction coefficients

(λ001), showing good agreement with experiments [14,

15].
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2. Computational methods

We performed density functional theory (DFT)

calculations using the Vienna Ab initio Simulation

Package (VASP) [16] with the pseudopotential projector

augmented wave (PAW) basis [17]. The exchange-

correlation potential was treated using the generalized

gradient approximation (GGA) proposed by Perdew,

Burke, and Ernzerhof (PBE) [18]. 

Plane-wave energy cutoff was set to 450 eV. For

structural optimization, a -centered 21 × 21 × 21 mesh

was initially used. Since EMCA is of the order of µeV and

highly sensitive to k point sampling, particularly for Fe

and Ni due to multi-band contributions near the Fermi

level, we carried out an explicit k point convergence test.

Based on this test and consistent with Ref. [19], we

adopted a denser 22 × 22 × 22-centered mesh for

evaluating EMCA for both Fe and Ni to ensure numerical

stability. We optimized the lattice parameters a and c

while keeping the volume fixed. The energy convergence

criterion was set to 108 eV. MCA is evaluated from the

energy difference between two magnetization directions,

(1)

where M ||x(M ||z) denotes the magnetization along the x

(z) axis, corresponding to in-plane (out-of-plane) orienta-

tion. In our approach, SOC is obtained scalar-relativisti-

cally based on the converged ground-state density for

each magnetization direction. The SOC interaction is

given by

 (2)

where V(r) is the spherical part of the effective potential

inside the PAW sphere, and  and  are the orbital and

spin angular momentum operators, respectively [20].

Fig. 1 shows the crystal structures and corresponding d-

orbital energy level of Fe and Ni under tetragonal

distortion with (c/a = 0.95, 1.00, and 1.05). In each case,

the left side displays the crystal structure, while the right

side illustrates the schematic splitting of the d-orbitals.

For the cubic structure (c/a = 1.00), the crystal field splits

five d-orbitals into two representations, t2g(dxy, dyz, dxz)

and eg(dx2y2, dz2). Under tetragonal distortion (c/a ≠ 1),

these levels further split into a1(dx2y2), b1(dz2), b2(dxy), and

e(dxy, dxz) representations. The level ordering depends on

whether c/a is greater or less than unity, and the splitting

depends on the degree of distortion. As Fe and Ni are bcc

and fcc, respectively, the level of d states with respect to

c/a is opposite, as well known as Jahn–Teller effect of

crystal field [21].

L̂ Ŝ

Fig. 1. (Color online) Crystal structure of bcc-Fe (left) and fcc-Ni (right). From top to bottom, c/a = 1.05, 1.00, and 0.95 and cor-
responding d-orbitals with representations under crystal field. 
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3. Results and Discussion

3.1. Magnetocrystalline anisotropy

EMCA > 0 indicates PMA, while EMCA < 0 denotes IMA.

In the framework of perturbation theory with the spin-

orbit interaction, EMCA is analyzed coupling between

occupied and unoccupied states as follows [22]:

(3)

 denotes the strength of SOC; ‘o’ and ‘u’ stand for

occupied and unoccupied states, respectively, whose

corresponding eigenvalues are o and u, respectively.

Spin orientations are denoted by  and ', either spin-up

(↑ ) or spin-down ( ↓ ).

By this, EMCA is decomposed into spin channel

components: spin-conserving  and spin-flip

 terms. The spin-channel components allow

a detailed analysis of contributions from states characterized

by different magnetic quantum numbers.

Fig. 2 presents EMCA of Fe and Ni as a function of

tetragonal distortion (c/a). For cubic (c/a = 1), EMCA

vanishes identically. For c/a < 1, Fe exhibits PMA

whereas Ni exhibits IMA. On the other hand, for c/a > 1,

the MCA is reversed: Fe shows IMA and Ni shows PMA.

To further understand the feature of EMCA, we focus on

the electronic structure with respect to tetragonal distortion.

PDOS in Fig. 3 illustrates how d-orbitals change with

respect to c/a (0.95, 1.00, and 1.05) for Fe and Ni. For

cubic case (c/a = 1.00), as shown in Fig. 3(c) and 3(d),

for Fe and Ni, respectively, by the crystal field d-orbitals

are split into two-fold and three-fold degenerate states, eg
(dz2, dx2y2) and t2g (dxy, dyz, dxz). Upon tetragonal distortion

(c/a ≠ 1), the degeneracy is lifted. eg states split into dz2

and dx2y2; t2g states split into dxy and two-fold (dyz, dxz)

states. For Fe, comparing c/a = 1.05 [Fig. 3(a)] and 0.95

[Fig. 3(e)], peaks of dz2 and dx2y2 are pronounced near

EF 1 eV (red arrows); those of dxy and (dyz, dxz) are

pronounced just above EF (blue arrows). For Ni, for c/a =

1.05 [Fig. 3(b)] and 0.95 [Fig. 3(f)], PDOS of (dyz, dxz)

and dxy orbitals are dominant near EF (blue arrows), while

those of dz2 and dx2y2 dominate just above EF (red

arrows). This change of orbitals in PDOS below or above

EF plays an important role in determining the magnetic

anisotropy as shown in Fig. 2.

To further elucidate the microscopic origin, we analyzed

d-orbital contributions in the band structure. Fig. 4

illustrates the band structures of Fe and Ni at c/a ratios of

0.95 and 1.05, presenting the orbital contributions through

band thickness. The majority and minority spins are

displayed on the left and right panels, respectively.

For Fe, significant band shifts occur as c/a ratio

increases from 0.95 to 1.05, particularly at the  point,

where the minority spin bands play a pivotal role in

MCA. As c/a increases, while dyz and dxz bands shift

upward relative to EF, dxy band moves downward,

becoming occupied in the minority spin state (blue box in

Fig. 4). Simultaneously, dx2y2 and dz2 bands switch

positions in the unoccupied state (red box in Fig. 4).

Fig. 2. EMCA as a function of c/a for Fe (left) and Ni (right) for
fixed volume. Positive (negative) values correspond to PMA
(IMA), as distinguished by the shaded regions.

Fig. 3. Spin-polarized partial density of states of d-orbitals for
Fe (left) and Ni (right) for c/a ratios of 0.95, 1.00, and 1.05
from bottom to top panel. The upper and lower panels corre-
spond to the spin-majority and spin-minority channels, respec-
tively. For c/a =1.05 and 0.95, d-orbital states are color-coded:
dz2 in blue, dyz and dxz in black, dx2y2 in red, and dxy in orange.
For c/a = 1.00, t2g is in black and eg in red. Red and blue
arrows are marked for c/a=0.95 and 1.05 for discussion of
MCA in the text.
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When c/a = 0.95, the matrix <dyz, ↓ |Lx|dz2,↓>

contributes to IMA, whereas at c/a = 1.05, the matrix

<dyz, ↓ |Lz|dx2y2, ↓> leads to PMA.

For Ni, MCA is primarily influenced by the coupling

between the majority and the minority spin states. As c/a

increases, dx2y2 band in the majority spin state shifts

upward into the unoccupied state, while the dyz and dxz

bands move downward (blue box in Fig. 4). Similarly, in

the minority spin state, dx2y2 band shifts upward, and the

dyz and dxz bands move downward as c/a increases (red

box in Fig. 4). When c/a = 0.95, matrices such as

<dyz, ↑ |Lx|dz2,↓> and <dyz,↑ |Lx|dx2y2, ↓> yield PMA.

Conversely, when c/a = 1.05, matrices like <dyz,↑ |Lx|dxz,↓>

and <dxz, ↑ |Lx|dyz,↓> lead to IMA.

Summing up, the orbital-resolved analyses show that

tetragonal strain tunes EMCA by reshuffling d-orbital

characters near EF and by switching the dominant SOC

channels the minority-spin–conserving processes in Fe

versus the interspin spin-flip processes in Ni thereby

explaining the sign reversals with c/a (Fig. 2) in line with

the PDOS trends (Fig. 3). Because the magnetostriction is

governed by the strain derivative of the anisotropy energy,

in Sec. 3.2 we determine 001 from the variation of EMCA

with c/a for fixed volume.

3.2. Magnetostriction

Magnetostriction refers to the change in the shape or

dimensions by change of magnetization. In cubic systems,

the strain dependence of magnetization is determined by

both the direction of magnetization and the direction of

the strain. While the general expression involves directional

cosines and multipolar order parameters [23, 24], for the

tetragonal distortion along the [001] axis, the relevant

magnetostriction coefficient 001 is directly evaluated

from energy derivatives,

,  (4)

where 001 is expressed as the first derivative of EMCA and

the second derivative of the total energy (Etot) with

respect to tetragonal strain [25]. Here, c/c0 represents the

degree of tetragonal distortion, and EMCA, as mentioned

earlier, is evaluated from the energy difference between

in-plane and out-of-plane magnetization at each strain

level. 

Using Eq. (3), we obtained 001 = +23 ppm for bcc Fe

and 52 ppm for fcc Ni. The positive magnetostriction of

Fe implies the tensile deformation along the magneti-

zation direction, whereas the negative magnetostriction of

Ni does compress along the magnetization. These are in

excellent agreement with experiments and previous

theoretical calculations as listed in Table 1. Despite the

small magnitudes of EMCA and 001, whose order of

magnitudes are µeV and ppm, respectively, signs and

trends of magnetostriction confirm the validity of this

method for capturing subtle magnetostrictive responses.

The sign and magnitude of 001 can be understood by

examining how EMCA varies with tetragonal distortion. In

Fig. 4. Spin-resolved band structures of bct Fe (top) and Ni
(bottom) at c/a = 0.95 and 1.05. Bands with d-orbitals projec-
tion: dz2 (blue), dyz (green), dxz (black), dx2y2 (red), and dxy
(orange). Regions highlighted by red and blue boxes marked
for discussion of EMCA.

Table 1. Magnetostriction coefficient (001) (in ppm = 106) for
Fe and Ni.

Atom Our Result Theorya EXPb

Fe +23 +29 +21

Ni 52 56 49

aRef. [22] and bRef. [14, 15] 
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Fe, EMCA increases with increasing c/a, resulting in a

positive derivative dEMCA/d(c/c0), and thus 001 > 0

corresponding to tensile strain upon magnetization. This

behavior can be explained in terms of EMCA by consider-

ing the evolution of d-orbitals in the minority-spin upon

elongation. As c/a ratio increases, certain unoccupied d-

orbitals in the minority-spin channel move closer to the

Fermi level. Simultaneously, occupied orbitals shift in a

way that increases the orbital overlap, enhancing spin-

conserving transitions that contributes to EMCA > 0. These

orbital shifts are clearly observed in the partial density of

states (PDOS) in Fig. 3, particularly around EF. In

contrast, Ni shows a decrease in EMCA with respect to c/a,

leading to 001 < 0, that corresponds to compressive strain

along the magnetization. This feature is mainly due to

spin-flip transitions between majority-spin occupied states

and minority-spin unoccupied states in EMCA. As the

structure becomes more elongated, the energy levels and

spatial alignment of these orbitals change in a way that

reduces the strength of spin–orbit coupling contributions

to EMCA. The associated rearrangement of orbital weight

near EF is again evident in PDOS (Fig. 3). As a result,

EMCA decreases with strain, giving rise to negative magneto-

striction.

4. Conclusions

In this work, we revisit magnetocrystalline anisotropy

energy EMCA and tetragonal magnetostriction coefficient

(001) of bcc Fe and fcc Ni using first-principles density

functional theory. Tetragonal distortions were introduced

by varying c/a ratio, and the resulting changes in total

energy and magnetic anisotropy were systematically

analyzed. EMCA, which vanishes in the cubic structure,

emerges of order of µeV under distortion-induced symmetry

breaking. Using the strain dependence of EMCA, we

calculated 001 values of +23 ppm for Fe and 52 ppm for

Ni. The results reproduce the correct signs and are in

good agreement with experiment and previous theory,

demonstrating the effectiveness of this approach for subtle

magnetostrictive effects in transition-metal systems.
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