Microscopic correlation between magnetostriction and magnetic damping
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Although the relationship between magnetostriction and magnetic damping is often described
phenomenologically, their intrinsic connection remains unclear. In this study, we demonstrate that
the magnitude of magnetic damping depends on the sign of magnetostriction in (Fei_;Cog)aN
and Ni;,Co, alloys across various compositions, consistent with experimental observations. This
behavior is attributed to strain-induced changes in exchange splitting, which shift the minority
spin density of states near the Fermi level, thereby affecting both magnetostriction and damping
through spin-conserving transitions. Additionally, the presence of locally degenerate orbitals plays
a crucial role in determining magnetostriction. These findings suggest that magnetization dynamics
and magnetostriction can be intrinsically controlled, facilitating the design of magnetic materials

for applications such as flexible spintronics.

The first observation of the spatial deformation of mag-
netic materials under an applied magnetic field was re-
ported by Joule for iron in 1842 [1], later termed mag-
netostriction (A), which is defined as a change in length
(61/1) between the demagnetized state and the magnet-
ically saturated state along the magnetic field direction.
At that time, Joule found that the elongation in soft iron
bars is more prominent than in hardened steel [1], imply-
ing that magnetostriction is inversely proportional to the
elastic constants. It was later understood that contrac-
tion (negative magnetostriction) is exhibited in nickel [2];
hence, magnetostriction is not solely determined by the
elastic constant but is also affected by the strain depen-
dence of magnetic anisotropy energy (MAE) (which we
refer to here simply as magnetoelasticity). When magne-
toelasticity is nonzero, the preferred magnetic direction
is changed by the strain; hence, the crystal structure will
spontaneously deform in order to lower the total energy,
which could result in elongation or contraction [3]. Mag-
netostriction is expressed as the ratio of the magnetoe-
lasticity to the elastic constant [3]. Since the elastic con-
stant of typical magnetic materials is generally expected
to have a positive sign, magnetoelasticity predominantly
determines the sign and magnitude of magnetostriction
over compositional change. Subsequently, first-principles
calculations were introduced by Wu et al. [4], providing
intrinsic insights into the mechanisms of magnetostric-
tion. This sparked significant interest, especially after
the discovery of giant magnetostrictive materials like Ter-
fenol [5].

Around the same time as the establishment of first-
principles studies on magnetostriction, a phenomenolog-
ical model was proposed to explain the role of magne-
tostriction in the magnetic damping constant («) [6].
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This model introduced interrelated equations of motion
for both strain and magnetization, resulting in tempo-
ral relaxation expressed as magnetic damping, which is
proportional to the square of magnetostriction. This in-
terpretation was further supported by other phenomeno-
logical models [7, 8]. Experimentally, Heusler alloys [9]
demonstrated this proportional relationship. Meanwhile,
variations in the composition of Ni,Fe; , revealed two
distinct regions: negative (positive) magnetostriction was
associated with a large (small) damping constant, though
the underlying mechanism remains unknown [10]. It is
significant to note that both magnetoelasticity and mag-
netic damping originate from spin-orbit interaction (SOI)
[4, 11]. Moreover, the relationship between magnetostric-
tion and magnetic damping is particularly valuable for
spintronics applications, as it enables simultaneous op-
timization of energy efficiency and multidirectional sens-
ing, which are critical for flexible spintronics technologies
[12].

Since SOI links magnetostriction and damping, a con-
ventional approach to control both would involve tuning
SOI strength, £, as expressed in the spin-orbit Hamilto-
nian Hso = ., &L - S, where L = (L,, L, L.) and S =
(Sz, Sy, S>) represent the orbital and spin angular mo-
mentum operator, respectively. This has been studied by
inclusion of heavy elements for damping in FePt; ,Pd,
[13] and magnetostriction in Th-doped FeGa [14]. How-
ever, practical usage of heavy elements is avoided consid-
ering their scarcity, high cost, and environmental dam-
age. We recently observed a strong intrinsic link be-
tween magnetostriction and damping in (Fe;_,Co,)4N,
supported by theoretical calculations considering shifted
Fermi level Ey [15], as the calculated results for unshifted
Er shown in Fig. 1(a). The Ajgo corresponds to the
magnetostriction due to tetragonal distortion, which em-
pirically means a change in length along the [001] direc-
tion when the magnetization direction changes from the
ab plane to the ¢ direction. In this Letter, we demon-
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FIG. 1. Calculated magnetostriction (A100) and damping con-
stant («) for (a) (Fei—;Coz)4N and (b) Ni;_,Co,. Crystal
structure of (a) cubic FesN and (b) fcc-Ni, showing sites of
Fel (black), Fe2 (blue), Fe3 (green), Fe4 (red), N (grey), and
Ni (yellow) with the corresponding coordinate system

strate that there exists the intrinsic link between mag-
netostriction and magnetic damping not only for the
(Fei_;Cog)4N but also for the Ni; ,Co, from their elec-
tronic structure, facilitated by spin-conserving transi-
tions, enabling simultaneous control of spatial and tem-
poral responses under magnetic fields without significant
SOI changes. These materials are also expected to un-
dergo the sign change of magnetostriction by changing of
z (y) value, where a similar phenomenon is also found in
the Ni,Fe;_, [10]. Interestingly, our calculation shows
that magnitude of damping seems affected by the sign of
magnetostriction in [100] direction, where we may pro-
pose a possible scenario. This finding may improve the
understanding the relation behind magnetostriction and
magnetic damping.

First-principles density functional calculations were

performed using VASP [16] to study (Fe;_,Co;)4N and
Ni; _,Coy, each of which based on the basic cubic struc-
ture of FeyN and fcc—Ni, respectively as illustrated in
Fig. 1. We employed the spin-polarized generalized
gradient approximation (GGA) [17] for the exchange-
correlation energy and the projector augmented wave
(PAW) [18] method to accurately account for core-
electrons effects. Starting from the cubic prototype, we
optimized the lattice parameter by computing the to-
tal energy over a range of lattice constants and per-
forming a spline interpolation to identify the equilibrium
lattice constant, cp, that minimizes the energy. From
this optimized cubic geometry, we constructed the un-
strained unit cells: a single-formula-unit cubic cell for
(Fei_,Co;)4N and a two-formula-unit tetragonal cell for
Ni;_yCo, (rotated 45° in-plane relative to the original
cubic cell). Strained structures were generated by vary-
ing the out-of-plane lattice parameter c; for each strain
value € = (¢—cp)/co, we fully relaxed the in-plane lattice
parameters a(= b), again using spline interpolation to
locate the minimum-energy configuration. The k-point
meshes of 30 x 30 x 30 for (Fe;_;Co,)4N and 25 x 25 x 17
for Ni;_,Co, ensured convergence of the MAE, consis-
tent with similar systems studied previously [19, 20].

Without considering SOI, the face-centered sites (Fe2,
Fe3, Fed) exhibit identical atomic environments [21]. For
off-stoichiometric compositions between Fe-Co and Ni-
Co, the virtual crystal approximation (VCA) [22] was
applied equivalently to all Fe sites (both corner and face-
centered) in FeyN and Ni sites, respectively. This as-
sumption for FeyN is warranted by previous theoretical
[23] and experimental results [24], indicating that Co has
no preferential site in FeyN. In addition, our choice to
use VCA is justified by good agreement with experimen-
tal results for both of (Fe;_;Coz)4N [15] and Ni;_,Co,
[25]. In our implementation, each ”virtual” atom’s po-
tential, formal valence, augmentation charges, and non-
local pseudopotential were mixed according to the tar-
get weighted composition, eliminating the need for large
supercells since compositional effects are fully captured
information within simple unit cell. Because the VCA is
applied uniformly at all equivalent sites, inversion sym-
metry is preserved in this calculation.

Magnetostriction was calculated from the derivative of
Eyo1 and MAE with respect to € using the following equa-
tion [4, 26]:

2 dMAE/de

Moo= 1
100 3 d2E001/d52 ( )

The values of Eyg; and MAE were obtained by includ-
ing the SOI in a self-consistent calculation for each dif-
ferent strained structure (total energy SCF method).
We imposed a strict total-energy convergence criterion
of 10~7eV and employed the tetrahedron method for
Brillouin-zone integration. Here, we define MAE as
MAE = E100 — EOOl, where E100 and E001 represent the
energies of magnetic materials with magnetization orien-
tations in [100] and [001] directions, respectively. Fur-



thermore, using the second-order perturbation analysis
with respect to the SOI [27, 28], we clarified the dominant
atomic, orbital, and spin contributions to MAE hence
also the dMAE/de. This perturbative approach is par-
ticularly appropriate here because (1) it yields a nonzero
MAE already at second-order under strain (whereas for
the unstrained cubic lattice, nonzero contributions only
appear at fourth order or higher), and (2) inversion sym-
metry remains intact thanks to the uniform implemen-
tation of the VCA, so no additional intraband terms
are required (in contrast to low-symmetry cases [29, 30].
We also verified that MAE values from the perturbative
analysis closely agree with those obtained via both the
total-energy SCF method and the force-theorem meth-
ods, which can be used to understand the main contri-
bution to the strain dependence of MAE.

MAE = MAE(1=1) + MAE(=])
+MAE(t=-1) + MAE(l=1) (2)

The magnetic damping was calculated using the torque
correlation model [11, 31], which is derived from non-
collinear magnetic calculations including the SOIL.

g - 2
&= MZZ|an/(k)|
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where the g is electron’s g-factor, M is the saturation
magnetization, and I'_ (k) = (kn'c’|[S_, Hsol|kno),
which is the matrix element of the spin-orbit torque op-
erator [S_, Hso) = > ;&r(S—L, — S.L_) between eigen-
states including the SOI, with energies €y, labeled with
wavevector k, band index n, and spin ¢. These transi-
tions occur near Er and vanish after interaction with lat-
tice, which are phenomenologically parameterized with
scattering rate §. In this study, § is estimated from the
residual resistance of typical magnetic alloys (0.01 eV)
[32].

The intrinsic relationship between magnetostriction
and damping in both (Fe;_;Co,)4N and Ni;_,Co, is
shown in Fig. 1. By changing the composition, we may
simultaneously tune the magnetostriction and damping.
In addition, one may notice that there are two compo-
sition regions: a region that has negative magnetostric-
tion, which also exhibits large magnetic damping, and
regions with positive magnetostriction that are associ-
ated with small magnetic damping. Although one data
point from FeyN deviates from this general trend, most
data points cluster within the described regions. To ex-
plore this relationship further, we focus on (Fe;_,Co,)4N
first. The second-order perturbation analysis reveals the
significant contributions to IMAE/de for (Fe;_,Co,)4N
[Figs. 2(a)-(c)]. As shown in Fig. 2(a), the gradient of
total IMAE/de corresponds to the sign and magnitude of
the magnetostriction coefficient. From the second-order
perturbation analysis of MAE [27], it is found that the
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spin-conserving |=-| [Fig. 2(b)] and spin-flip 1= [Fig.
2(c)] contributions dominate the matrix elements near
FEr. In order to understand the role of each contribution,
let us focus on three compositional regions. First, at
low Co contents (z < 0.3), the spin-conserving process is
more dominant than the competing spin-flip term, which
controls the behavior of the total MAE. At moderate
level of Co content (0.3 < = < 0.5), dMAE(]=])/de be-
come smaller compared to the positive IMAE(1=])/de
leading to a sign change in Ajgg. When Co content is
further increased (z > 0.5), both of dMAE({=])/de
and dMAE(1=-])/de are positive. The negligible con-
tributions of spin-conserving t=-1 and spin-flip =1 are
not shown. This behavior can be understood from the
electronic structure of (Fe;_,Co,)4N with more than
half-filled transition metal elements, where the majority-
spin states are fully occupied and the electronic states



around Fr mainly come from the minority-spin states
[Fig. 2(d)].

The relationship between magnetic damping and mag-
netostriction can be explained as follows. An intrinsic
magnetic damping is described using the torque correla-
tion model proposed by Kambersky [11], as expressed in
Eq. (3). In general, the precession motion of magneti-
zation is damped by interactions with conduction elec-
trons through the SOI. This interaction is mediated by
spin-orbit torque, which contains operators for spin-flip
(S_L,) and spin- conserving (S.L_) contributions. Note
that |kno) = chﬂwmo) e’*Bi  where the Bloch states
|kno) are expanded with an orthogonal basis of atomic
orbitals labeled p (or v) for site j with atomic position R,
in the unit cell and the coefficient of the expansion cfﬁa
from projected state on each localized atomic orbitals.
The precession is annihilated and resulting in the creation
of the electron-hole pairs which may occupy the same
(intraband) or different (interband) band indices n,n’.
This process concludes with scattering between electron-
hole pairs and the lattice, parameterized by the electron-
lattice scattering rate ¢ into an equilibrium state. It is
known that intraband terms are proportional to the den-
sity of states at Er [33]. Assuming a pure spin state at
Eg, spin-flip contributions may be neglected in the in-
traband mechanism, leaving the spin-conserving matrix
elements:

=Y & Z chmrekn (WL |p) (4)
I Hop

Meanwhile, the spin-conserving term in MAE can also be
expressed as follow:

MAE(l=1) =Y &ér Y (WILa|v) (i |Lz| )~
Ir v pp!
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Thus, spin-polarized magnetic materials with dominant
minority-spin states exhibit nonzero C[,L | values, giv-
ing nonzero spin-conserving transition matrix elements
of the angular momentum operator responsible for both
damping ((@/|L_|pn)) and magnetoelasticity ({u'|L.|un),
(1| Ly|p)). This connection facilitates the strong cor-
relation between magnetostriction and magnetic damp-
ing. Additionally, one can propose an intuitive picture
where negative magnetostriction is associated with rela-
tively large magnetic damping. In all the systems, the
increase of the strain from negative to positive increases
the magnetization as shown in Fig. S1 in Supplemen-
tal Materials [34]. This means that the increase of the
strain increases the exchange splitting of the system. In
other words, the increase of the strain shifts the majority-
spin and minority-spin states to the lower and higher en-
ergy sides, respectively. These effects couple the strain

and the magnetic damping through the density of states.
When FEg is located slightly to the left of a peak in
the minority spin states (for small z and y values in
(Fe1_;Coy)4N and Ni;_,Co, cases, respectively), it re-
sults in large damping due to the proximity to the peak of
the minority spin states. At the same time, there is a neg-
ative strain dependence of the density of states because
strain pushes the peak farther from Ey, thereby reduc-
ing the states at Er. This leads to negative magnetoe-
lasticity and magnetostriction, because of the reduction
of the spin-conserving term in the MAE with increasing
the strain. Conversely, when Ef is situated in the val-
ley of the minority spin states (for large x and y values
in (Feq—,;Cog)4N and Ni; _,Co, cases, respectively), the
system exhibits small damping. In this scenario, strain
enhances the states at Er by bringing them closer to the
nearest peak of occupied minority spins, leading to posi-
tive magnetostriction.

In addition to the relationship between magnetostric-
tion and damping, the substitution of Fe by Co results
in a sign change in magnetostriction in (Fe;_,Co,)4N,
as shown in Fig. 1(a). We now examine the role of
atomic sites and orbitals in this sign change of the |=-]
magnetoelasticity of (Fe;_;Co)4N, as shown in Fig.
3. It was observed that the face-centered atoms (Fe2,
Fe3, Fed) significantly influence the strain dependence
of the MAE, compared to the corner site (Fel) (not
shown). Notably, the dominant orbital contribution in
(Fei_,Coy)4N varies depending on the symmetry of the
atomic sites when the magnetization direction is changed.
For Fe2 (aligned along the c-axis), the MAE contribution
from the transition between d,, and d,, strongly corre-
lates with the compositional dependence of the magne-
toelasticity [Fig. 3(a)]. This substantial contribution
to MAE persists because both orbitals remain degen-
erate even under tetragonal distortion [see Fig. S2(b)
in Supplemental Materials [34]]. Furthermore, for Fe3
(aligned along the b-axis) and Fe4 (aligned along the
a-axis), the d,2_,» and d,, orbitals dictate the magne-
toelastic behavior [Fig. 3(d)]. These dy2_,2 and d,
orbitals do not remain degenerate under tetragonal dis-
tortion at the same atom, but their similar behavior in
Fe3-d,2_,> (Fed-d,2_,2) and Fed-d,, (Fe3-d,,) can be
explained by the symmetry invariance of the d;2_,» and
dzy orbitals between Fe3 and Fe4 sites [see Fig. S2(c)-
(d) in Supplemental Materials [34]]. It is important to
note that similar contributions were not observed for d,.
and d,. in Fe3 or Fe4 [Fig. 3(b)], nor for d,2_,» and
dyy in Fe2 [Fig. 3(c)], nor any other orbitals [see Fig.
S3 in Supplemental Materials [34]], highlighting the role
of the symmetry in the orbital contribution to magne-
toelasticity. Note that the orbital contribution is de-
fined as the sum of the |(1'|L,c|i)[2GTy (Wi ) +
|| Lo (2 |1 Y2GH, (up; 1/ 1), normalized so that the zero
value for the unstrained structure (¢ = 0) was obtained.

In the case of Ni; ,Co,, the main contribution to the

sign change of magnetostriction is also expected to be
the same as that of (Fe;_,Co,)4N [Figs. 4(a)-(c)]. The
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total IMAE/de [Fig. 4(a)] is still dominated by the spin-
conserving term dMAE(]=-])/de [Fig. 4(b)]. The only
notable difference with (Fe;_,Co,)4N is that, with the
inclusion of Co (y > 0.6), the spin-flip term dMAE(1=-]
)/de slightly shifts from positive to a small negative value
[Fig. 4(c)], while the spin-flip term dMAE(1=-])/de of
(Fe1-5Co;)4N is always positive [Fig. 2(c)]. Since the
total density of states at Er in this system is mainly
from minority-spin state [Fig. 4(d)], the same mechanism
of spin-conserving transitions mediated by minority-spin
governs the MAE and its strain dependence, while also
controlling the intraband transitions in the minority-spin
states for the magnetic damping, due to the absence of
majority-spin d states around Fg.

In Ni; ,Co,, two significant transitions dge_,2-dgy

and dy.-d,» determine the compositional dependence of
dMAE/de [Figs. 5(a)-(b)]. Both orbital contributions
show the decrease of MAE with increasing the strain in
fce-Ni, consistent with the negative magnetostriction of
fce-Ni observed in many previous experiments. The sub-
stitution of Ni by Co significantly affects these two transi-
tions, leading to the increase of MAE with increasing the
strain. It is worth noting that Co doping does not signifi-
cantly affect other orbital contributions to the MAE and
its strain dependence [see Fig. S4 in the Supplemental
Materials [34]]. Unlike the Fe sites in (Fe;_,Co,)4N, the
Ni sites in Ni;_,Co, have the same atomic environment
as each other and equally contribute to the magnetoe-
lasticity. These results emphasize the important role of
crystal symmetry and the role of light elements (here,
Nitrogen atom) in understanding the effects of atomic
substitution on magnetoelasticity.

In summary, we theoretically investigated the corre-
lation between magnetostriction and intrinsic magnetic
damping as a function of composition in (Fe;_;Co,)4N
and Ni;_,Co, alloys. We found that damping is larger
when the magnetostriction constant is negative and
smaller when the magnetostriction constant is positive.
This is because the magnitude of magnetization changes
(exchange splitting changes) when strain is applied, and
the change in exchange splitting shifts the density of
states near the Fermi level, affecting both magnetostric-
tion and magnetic damping. We also found that the pres-
ence of locally degenerate orbitals is important with re-
spect to the magnetostriction constant and that the pres-
ence of degenerate orbitals in the same atom or atoms of
the same symmetry dominantly contributes to the strain
dependence of the MAE. These results suggest the pos-
sibility of controlling magnetization dynamics by the ap-
plication of strain to magnetic materials and provide im-
portant guidelines for future experiments.
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