PHYSICAL REVIEW MATERIALS 9, 024409 (2025)

Spin-lattice couplings in 3d ferromagnets: Analysis from first principles
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Magnetoelasticity plays a crucial role in numerous magnetic phenomena, including magnetocalorics, magnon
excitation via acoustic waves, and ultrafast demagnetization, or the Einstein-de Haas effect. Despite a
long-standing discussion on anisotropy-mediated magnetoelastic interactions of relativistic origin, the exchange-
mediated magnetoelastic parameters within an atomistic framework have only recently begun to be investigated.
As a result, many of their behaviors and values for real materials remain poorly understood. Therefore, by using
a proposed simple modification of the embedded cluster approach that reduces the computational complexity,
we critically analyze the properties of exchange-mediated spin-lattice coupling parameters for elemental 3d
ferromagnets (bcc Fe, fce Ni, and fec Co), comparing methods used for their extraction and relating their realistic
values to symmetry considerations and orbitally decomposed contributions. Additionally, we investigate the
effects of noncollinearity (spin temperature) and applied pressure on these parameters. For Fe, we find that single-
site rotations, associated with spin temperatures around 100 K, induce significant modifications, particularly in
Dzyaloshinskii-Moriya-type couplings; in contrast, such interactions in Co and Ni remain almost configuration
independent. Moreover, we demonstrate a notable change in the exchange-mediated magnetoelastic constants
for Fe under isotropic contraction. Finally, the conversion between atomistic, quantum-mechanically derived
parameters and the phenomenological magnetoelastic theory is discussed, which can be a useful tool towards
larger and more realistic dynamics simulations involving coupled subsystems.

DOI: 10.1103/PhysRevMaterials.9.024409

L. INTRODUCTION mal Hall effect [7], and skyrmion transport [8], to cite a few.
In the context of ultrafast demagnetization, which serves as
a prominent example, it was shown that during pump-probe
experiments the lost spin angular momentum is constantly
transferred (via spin-lattice coupling) to the lattice subsystem,
originating circularly polarized phonons that later evolve to
the macroscopic Einstein—de Haas effect [9-11]. It was also
demonstrated in the pioneering work of Beaurepaire et al. [4]
(and derived temperature models [12,13]) that the values of
the coefficient Gy, responsible for the transfer of heat between

Spin-lattice coupling is a fundamental interaction, which,
despite its first theoretical description dating from about seven
decades ago [1-3], is attracting ever-increasing attention. Its
importance has been demonstrated in multiple phenomena,
including ultrafast demagnetization [4], the magnetocaloric
effect [5], magnon excitation via acoustic waves [6], the ther-
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spin and lattice subsystems, can influence the occurrence of a
maximum in the spin temperature and, therefore, a minimum
in the demagnetization curve.

Other examples, which demonstrate the relevance of spin-
lattice coupling from the perspective of spintronics, are (i)
the impact of spin-lattice coupling on skyrmion dynamics
[8] and (ii) the generation of a thermal Hall effect [7]. In

Published by the American Physical Society
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addition, the importance of accounting for spin-lattice cou-
pling for two-dimensional systems was demonstrated in Ref.
[14], where it was shown that the magnetic interactions in Crl3
are sensitive to atomic displacements; in fact, for large enough
displacements, the exchange interactions can be changed
from ferromagnetic to antiferromagnetic. Phonon contribu-
tion to exchange parameters in the other two-dimensional
magnet, Fe;GeTe,, was also shown to be essential, leading
to noticeable renormalization of the magnon spectrum and
reduction of Curie temperature by ~10% [15]. Recently, it
was also demonstrated in Ref. [16] that voltage control of
magnetism can be achieved in multiferroic heterostructures.
The results were interpreted using a spin-lattice-coupling
model. Specifically, it was shown that variation of exchange
stiffness is connected to voltage-induced anisotropic lattice
changes. Using spin-lattice coupling to control spin dynam-
ics can be useful from the perspective of energy-efficient,
tunable magnonics devices. One more possibility to exploit
spin-lattice coupling to control magnetization was discussed
in Ref. [17], where, using coupled spin-lattice dynamics simu-
lations, the effects of pressure on the magnetic properties were
investigated. It was shown that the effect of pressure is more
pronounced near the Curie temperature, and that magnetiza-
tion can either increase or decrease depending on the type of
contraction.

The importance of accounting for spin-lattice coupling for
the mentioned and many other phenomena [18] led to growing
efforts in its estimation or calculation via first principles. As
discussed above, Beaurepaire et al. [4] estimated the spin-
lattice-coupling parameter in Ni by fitting the experimental
data with a three-temperature model. Later, spin-lattice cou-
pling started to be indirectly calculated via density functional
theory; since the pioneering works of Ma et al. [19,20],
such interactions begin to be considered in an atomistic
perspective, moving beyond the macroscopic quantities tra-
ditionally described by the classical magnetoelastic theory
[1]. In Refs. [19,20] (and many others that later incorporated
similar coupled dynamics), the spin-lattice interactions were
simply treated by a fitting of the exchange couplings as a
function of the scalar distance, J;;(r;;), considering the J;;
values obtained with the lattice at equilibrium positions. More
recently, and still within the scope of atomistic modeling,
Ref. [21] developed a method of calculating spin-lattice cou-
pling via a first-order derivative of the spin tensor with respect
to atomic displacements. This was a relevant step, since it
allowed for accurate (in terms of predictions via electronic
structure) and spatially dependent results, with the disadvan-
tage of higher computational cost. Aiming for a solution to
that problem, and in view of the application of similar calcu-
lations as demonstrated in Ref. [21] to more complex systems,
a few alternative approaches were later developed. Among
the proposed methods we can cite are the supercell approach
[18,22], the embedded cluster approach [18], and the pertur-
bative approach [18,22]. Lastly, some machine-learning-based
methods to include spin-lattice coupling were also recently
proposed for large-scale spin-lattice dynamics simulations, as
reported in Ref. [23] (and references therein).

Despite such initial efforts to calculate spin-lattice cou-
pling, progress in this field remains in its early stages [18].
Developing a reliable and accurate method for calculating

spin-lattice coupling that is applicable across a wide range of
materials is highly desirable for advancing theoretical mate-
rials modeling. At the same time, while the magnetoelastic
terms introduced early by Kittel and Abrahams [1,3] and
Kaganov and Tsukernik [2] have been extensively studied
in the literature, the properties of microscopic (atomistic),
quantum-mechanically derived, spin-lattice interactions—and
their connection to measurable quantities within the classical
magnetoelastic theory—remain poorly understood. Here, we
aim to fill this gap by providing a comprehensive investigation
of those listed points, as well as the behavior of the spin-lattice
interactions under external factors such as temperature and
applied pressure, with ab initio accuracy.

The structure of the paper is as follows. First, in Sec. II,
we revisit existing spin-lattice-coupling calculation methods
and propose a simple (but crucial) modification that reduces
the computational complexity, allowing for faster and reliable
calculations. Then, in Sec. IV A, we calculate, compare the
spin-lattice-coupling parameters for 3d ferromagnets using
various approaches, and analyze their properties. Later, in
Sec. IV C, we estimate the impact of the noncollinear arrange-
ment of spins due to, for example, thermal effects on the
spin-lattice interactions. Finally, in Sec. IV D, we investigate
the pressure effects for the case of bec Fe, aiming for an
estimation of the tunability of the spin-lattice interactions via
an external stimulus.

II. THEORY
A. Spin Hamiltonian

As suggested by and reviewed in many previous works, the
Heisenberg exchange, Dzyaloshinskii-Moriya interactions,
and symmetric anisotropic exchange all belong to the so-
called bilinear spin couplings. Thus, they can be written in the
form of a compact, generalized exchange tensor J;; to which
the corresponding Hamiltonian term is expressed as [21] (with
Einstein notation applied for double occurring greek indices)

1
oap o B
HSS__E Eij T mim’, (1

where o, B = {x,y, z} are Cartesian indices, m{ is the local
spin magnetic moment direction « of the ith atom (represented
here as a unit vector), and i and j are site indices. The % factor
is introduced to avoid double counting in the summation. It is
well known that the quantities in the 7;; tensor have a spatial
dependence. This means that atomic displacements u;" in the
lattice of the kth atom (with u = {x,y, z}) will alter those
quantities as 7;;(u} ), by changing the electronic structure as a
whole. Fortunately, in real materials, the displacements ufj due
to thermal effects in the lattice are usually small, agreeing with
the famous Lindemann criterion [24,25], recent theoretical
works [12], and experiments. This suggests that the tensor
elements jl‘;‘ﬁ (1) can be expanded in a Taylor series (in
which just the first term is assumed to be relevant) [21]:

EN A

T ) = T 0 )

where 7;;(0) is the tensor calculated for the lattice in the equi-
librium positions. The resulting rank-3 tensor with elements
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afu 3:7,'&'3
Fijg = aui‘
by the direct product of a rank-2 tensor in spin space and a
rank-1 tensor in orbital space. Thus, the spin-spin Hamiltonian

is rewritten as

is what we refer to as a spin lattice, composed

1 1 0T
Hss ~ —3 > TP Oymgml — 3 > 8qu m¢mful. (3)
ij ijk k

The diagonal parts of both the 7;;(0) and the {j)‘uii’ tensors,
namely, when o = B, are referred to as the Heisenberg ex-
change (at the equilibrium positions) and the Heisenberg-like
spin-lattice parameters, respectively. For those particular val-
ues, the symbol J;; will be used instead, so that the definition
Jij = %(\75" + ji?y) (for 2 as the spin quantization axis) holds
[26]. Particularly in crystals with cubic symmetry, we have

. 075" 8Jij P
Jpp— ao aap ij ij
simply Ji; = J5% and I';;" = = Gl This is not the

case for more complex materials, such as Crlz [14,27].

B. Determination of bilinear spin-lattice couplings

In this section, we revise two established approaches from
o B

the literature to calculate the di"ﬁ
k

a simplification of the embedded cluster approach within the
linear muffin-tin orbital in the atomic sphere approximation
(LMTO-ASA) method [28]. We note that these are not the
only methods available; another approach is, for instance,
the so-called perturbative approach, recently described in

Ref. [22].

parameters, and propose

1. Supercell and embedded cluster approaches

The immediate ab initio method to calculate the inter-
action between spin and lattice degrees of freedom is the
self-consistent determination of J;;(uy ), by explicitly displac-
ing the kth atom by a certain amount |ug|, proceeding then
to the determination of the new self-consistent (perturbed)
charge density. As the most straightforward approach, this
was suggested by Hellsvik et al. [21] and employed to obtain
the spin-lattice-coupling parameters of bcc Fe. In order to
correctly describe the local perturbation on the charge density,
and avoid the presence of spurious interactions from periodic
images, it is common to construct a supercell around the
displaced atom k [18,22]. As noticed by Lange ef al. [18],
the self-consistent nature of this approach comes with the
advantage of accuracy (for a sufficient supercell size) and
disadvantage of generally high computational cost.

In real space, however, spurious interactions are in prin-
ciple absent by construction, so that the perturbation in the
charge density can be well described by considering a big
enough cluster around the atom k, which will also capture
the charge transfer with the neighboring sites—the embedded
cluster approach (ECA). To address this, one can conceptu-
alize the cluster as an impurity problem [29]. Initially, two
methods can be employed: (i) solve for the atoms within
the cluster self-consistently, wherein all external atoms main-
tain the potential parameters of the perfect crystal, or (ii)
resolve using the Dyson equation [18], considering this clus-
ter as a local interaction zone [30]. In particular, for small

displacements |uy|, and given the strong dependence of the
LMTO Hamiltonian with the system structure (through the so-
called structure matrix S [31]), one can outline the following
approximation for the fully self-consistent ECA:

(1) After displacing the desired atom from the equilib-
rium position and choosing a suitable cluster around it, we
recalculate the electrostatic potential and the matrix S [29,31],
keeping the potential parameters unchanged as in the perfect
crystal situation.

(2) We then proceed to a single iteration, and the
determination of J;;(uy) using the well-known Liechtenstein-
Katsnelson-Antropov-Gubanov (LKAG) [32,33] formalism.

(3) For the subsequent displacement, we start from this
(already displaced) result and repeat the previous steps, pro-
vided that the difference Au, to the next calculation is quite
small.

This simplification (which we will refer to as SECA) allows
for a significant reduction of the computational effort involved
in the ECA with the cost of lower accuracy, as the perturbed
charge density is not permitted to fully relax. However, as it
will be discussed in Sec. IV, the fact that displacements are
small allows for a very good agreement between those two
methods for the investigated cases here. Due to its inherent
simplicity, the sSECA enables the calculation of spin-lattice
parameters in complex structures.

2. Determination by fitting

Recent works on the spin-lattice dynamics are based on
a scalar dependence of the exchange interactions with in-
teratomic distances r;; in their equilibrium positions, J;;(r;;)
[5,23,34-38], especially since the investigations by Ma et al.
[19,20]. The commonly used fitting functions are assumed
to have a shape based either on the Bethe-Slater curve [39]
or to present an oscillatory behavior (which reproduces the
Ruderman-Kittel-Kasuya-Yosida (RKKY)-like nature [40]),
with an exponential decay [34]. However, despite the obvious
computational efficiency, these approximations account for
the long-range nature of the exchange function in a crystal
lattice (relative to the length of realistic displacements u; )
to calculate the change in J;; due to small perturbations ufj ,
assuming that all neighbor interactions will vary in the same
way.

In order to make a comparison with other spin-lattice
results in the literature, we define three functions (fi, f>,
f3) based on r;; that are commonly used [5,19,20,23,34-37]
(see Sec. IV A):

C cos(w(rij — dy))
1 +exp(§(rij — d1)

fi(rij) =JO[ + G exp(—y (rij —dz)z)},

flri) = Jo(l - ’r—’> O(r. — 1),

T 2 v 2 Tij 2
f3<r,-,)=4ou<i) [1 —yn(i) }e‘@) O(re — 1ij)s
8y 8y
)

where 7, is defined as a cutoff radius, ® is the Heaviside step
function, Jy is a Heisenberg-like exchange constant, and all
other parameters are to be fitted with ab initio values.
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Another formulation of the fitting procedure, which also
uses the functions defined in Egs. (4), is based on an effective
short-range exchange interaction [36]. In this approach, the
exchange interactions are considered up to nearest neighbors,
and the direct relation to volume magnetostriction and elastic
constants is used to calculate % In this model, the experimen-
tal magnetostriction can be well reproduced by construction.
However, clear limitations include a higher dependence of in-
put parameters, and the omission of longer-range spin-lattice
interactions, which has been shown to be important in, e.g.,
bee Fe [41].

III. COMPUTATIONAL DETAILS

The parametrization of Eq. (3) in terms of calculation
of ._7;’“3 and realistic u; displacements was obtained in the
framework of density functional theory (DFT), combining
two different methods: (i) the real-space LMTO-ASA (RS-
LMTO-ASA) [29] and (ii) the plane-wave pseudopotential-
based Quantum espresso (QE) package [42], in combination
with PHONOPY [43]. The hybrid choice of methods is justified
by the more suitable way of treating the spin-lattice-coupling
(SLC) parameters in a broken inversion symmetry envi-
ronment by RS-LMTO-ASA when an atom is displaced.
However, the Hellman-Feynman forces are known to be in-
accurately described by this method [44]. To overcome this
problem, the realistic u; values are calculated from the force
constants, using a combination between QE and PHONOPY.

In the real-space formalism of RS-LMTO-ASA, the eigen-
value problem is solved with the help of the recursion method,
where the recursion chain is ended after LL steps by making
use of the Beer-Pettifor terminator [45,46]. For the calculation
of the electronic structure of all 3d ferromagnets investigated
here (Fe, Co, and Ni), we considered LL = 31. The linear
approach provides precise results around an energy E,, which
is typically chosen as the center of gravity of the occupied
bands. Here, we work in the orthogonal representation of the
LMTO-ASA expanded in terms of tight-binding parameters
[28,31], neglecting terms of the order (E — E,)* and higher.
The structures were simulated by big clusters whose atoms
are located in the perfect bee/fee crystal positions, with ex-
perimental lattice parameters of ap, = 2.87 A, aco = 3.54 A,
and an; = 3.52A [47]. In this setup, the local spin den-
sity approximation (LSDA), with the von Barth and Hedin
parametrization [48], was used. When necessary, the spin-
orbit coupling is included as an L - S term to be computed
at each variational step [28].

Still in the context of method (i), in both embedded cluster
methods, the exchange parameters \Z‘;"‘(uk) = J;j(u;) were
obtained by the LKAG approach [32,49] for each finite dis-
placement uy:

1 Er
Jyj = o ImTr /_ R 8:G/8,Grde. Q)
where §; is an exchange-splitting matrix and G;; ' are intersite
Green’s functions between the ¢-¢’ spin channels. The cal-
culation of Dzyaloshinskii-Moriya vectors follow analogous
expressions, whose derivations are referred to Refs. [26,50].

As suggested in Ref. [51], the single-particle Green’s func-
tions can be rewritten in terms of charge (0) and spin (1)

components as G = (G + G"oy + (G + G!!) - o, with
o = (o4, 0y, 0;) the vector of Pauli matrices, and og the 2x2
identity matrix. Thus, when in a (more general) noncollinear
situation, the exchange interactions can be determined as

1 Er
= oI / (5:G208,6% + 5,GY15,G!
—0oQ

— 8G}} - 8;G}) — §:G/ - 8,G})de, (6)

with analogous expressions for the off-diagonal terms of the
generalized exchange tensor [Eq. (1)] [S1].

The realistic magnitude of atomic displacements u; (as
well as the equation of state discussed in Appendix D) were
computed using a combination between QE and PHONOPY.
For that, a scalar relativistic projector augmented wave (PAW)
pseudopotential was used. In all 3d ferromagnets, the plane
waves were expanded for a kinetic energy and charge density
cutoffs of 60—100 Ry and 480-1080 Ry, respectively. For the
ground-state properties (primitive cell), the reciprocal space
was sampled for unshifted k meshes ranging from 18x18x 18
to 24x24x24, depending on the material (specific details in
Refs. [12,13]). All PHONOPY calculations were based in a
6x6x6 supercell (216 atoms), for which reduced k meshes
were used.

Note that the thermally average effects of spin-lattice
coupling to exchange parameters can be calculated in a
much simpler and more straightforward way [15], by adding
electron-phonon contribution to the electron self-energy in
equations like Eq. (6). However, to study spin and lattice
dynamics and out-of-equilibrium phenomena in general much
more detailed information on the whole I' tensor is needed.

IV. RESULTS

A. Analysis of spin-lattice coupling in 3d ferromagnets
1. Heisenberg-like parameters

Although some discussion has been made in Refs. [12,13],
3750
ElA
Co, and fcc Ni, some of the simplest metallic ferromagnetic
systems.

Since the seminal paper in Ref. [21], and subsequent in-
vestigations reported in Refs. [18,22,52], there seems to be a
general agreement that k = i (i.e., the displaced atom belongs
to the i pair of the magnetic interaction) implies the strongest
diagonal SLC parameter (isotropic) contributions. This is un-
derstandable because the electronic intersite Green’s function
ij (¢ =1, ) will be directly affected by the reduced (or

increased) distance r; =T 4 w;—; in Eq. (5). In that sense,

in this section we revise the properties of

for bee Fe, fcc

we start by analyzing the diagonal part of l"f;f“ for k =i, or
F;’ﬁ" , shown in Figs. 1(a) and 1(b). In all cases displayed,
the spin quantization axis was set to Z ([001]), and the ex-
change parameters were calculated for realistic displacements
(Appendix A).

In Fig. 1(a), a comparison between actual J;; values with
respect to the atomic displacements for all three ferromagnets
is shown. Here, two aspects can be highlighted: (i) even if
we follow the same displacement direction and convention,
the exchange parameters do not always decrease with in-
creasing intersite distances (a strong example is the fourth
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FIG. 1. (a) Variation of the Heisenberg exchange J;; for Fe, Co,
and Ni as a function of the r;; distance (in units of the lattice
parameter) and displacement of the ith atom. Black open diamonds
represent the values for atoms in the equilibrium positions (J;;(0)).
(b) Variation of J;; for the case of nearest neighbors in fcc Co, where
i = (0, 1 203 ) for distinct displacement directions u;. Dotted lines
in (a) and solid lines in (b) are guides for the eye.

neighborhood of fcc Co), and (ii) for large u; amplitudes,
the J;; variation deviates from the linear behavior. While
observation (ii) just sets a natural limit to the w; interval
in which the first expansion term [Eq. (2)] dominates, that
approximately coincides with the realistic values, observation
(i) illustrates an intrinsic connection of the spin-lattice param-
eters with the crystal structure. This is more clearly seen in
Fig. 1(b), where a distinct J;; variation is obtained depending
on the direction of u; in the nearest neighborhood of fcc Co.
It is interesting to compare the trends in Fig. 1(a) with
those obtained in Ref. [41]. In their article, Wang et al. [41]
considered an isotropic contraction/expansion as a model for
the spin-lattice coupling in bcc Fe. This approach generates
a collective conduction-electron shift in the band positions
and changes the Fermi surface topology, so that it induces
a distinct behavior of first- and second-nearest-neighbor ex-
change interactions as a function of the distance (or the lattice
parameter) as the one seen in Fig. 1(a). In particular, an in-
crease of J;;(r;;) is obtained near the equilibrium positions for
both nearest- and second-nearest neighbors, implying a pos-
itive volume magnetostriction—as observed experimentally

for iron [53]. In contrast, the model adopted here deals with

local partial derivatives, rneasurlng in a local sense, while
the rest of the environment is less perturbed

Both observations are correct in their respective frame-
works, yet differ in terms of scope and physical interpretation.
As discussed in Ref. [54], in the context of magnetostriction
alone, the main magnetoelastic effect of exchange interactions
is the volume magnetostriction, to which Wang et al.’s ap-
proach is more appropriate to simulate. However, as we will
explore later on, the atomic displacement method outlined
here and in previous works (e.g., in Ref. [55]) is more general:
it provides both a volumetric magnetostriction effect and the
local building blocks for the calculation of the magnetoelastic
constants of the spin-gradient terms. The latter are existent
in more general magnetoelastic expressions, such as the one
discussed by Kaganov and Tsukernik (KT) [2], and are essen-
tial for a comprehensive description of the interaction between
spin waves and phonons.

As noted by previous works (see, e.g., Ref. [52]), contrary
to Heisenberg exchange at the equilibrium positions, the el-
ements of '} are depending not only on the distance r;;
anymore, but actually on the relation between r;; and u;. Intu-
itively, one can appreciate this fact as a simple consequence
of the different ij pairwise distance changes depending on
the direction of u;. For example, when r;; - u; =0, |Ar;;| =
|r; ; —rijl ~ 0, and thus the diagonal SLC parameter is very
small in the presence of weak spin-orbit coupling. However,
this can also be formally analyzed in terms of the perturbative
(LKAG-like) expression for the calculation of the general

57/; [22]: the analog of §; [Eq. (5)] is a displacement
matrix (linearized in u;) whose elements are proportional to
the spherical harmonics Y;,,(i;) in LMTO and the so-called
Gaunt coefficients [56]. Thus, while isotropic character of
the Heisenberg exchange parameters [Eq. (5)] is essentially
linked to the fact that §; is a diagonal operator, the spin-lattice
couplings will naturally depend on the u; direction.

In turn, in Fig. 2(a) an excellent agreement between the
ECA (fully self-consistent) and the sECA is seen, evidencing
the perturbative nature of the change in the electronic density
for realistic displacements. Explicity, for I';;7* with ij repre-
senting nearest-neighbor sites, the variation between the fully
self-consistent and simplified schemes is ~3% (bcc Fe), ~5%
(fce Ni), and ~1.5% (fcc Co). In turn, in the inset of Fig. 2(a),
we demonstrate the effect provoked by a displacement of the
atom k 5 i(j) in the diagonal SLC parameters, for first- and
second-nearest-neighbor ij interactions, where a somewhat
smaller variation from the equilibrium values can be observed.
Due to their large multiplicity, however, this does not discard
their role in the exchange-mediated magnetoelastic parame-
ters, which will be further discussed in Sec. IV B.

From the results displayed in Fig. 2(b), among the three
ferromagnets, fcc Co has the highest SLC parameters, and
the fundamental reason for that (related to the Bethe-Slater
behavior) will be explored further on. The normalized vari-
ations shown in Fig. 2(a) suggest that there is a strong
connection between I'[" with the bulk structure in real
space—immediately notlced from the very close normalized
variations on J;; for fcc Co and fec Ni. Figure 2(b) also shows

the moderate decay rate of the diagonal part of the Fo”3 " tensor
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FIG. 2. (a) Normalized change of nearest-neighbor ij pairwise interaction for Fe, Co, and Ni as a function of the displacement |u;| (in
units of the lattice parameter). Points represent the values calculated with the simplified ECA scheme (sECA), while the dashed lines denote
the calculated values using a fully self-consistent ECA scheme. Inset: Variation of the Heisenberg exchange J;; in bce Fe for k # {i, j},
considering ij a pair of nearest-neighbor or next-nearest-neighbor sites, while the displaced atom k is positioned as a nearest neighbor of
site i. The displacement direction u, is taken as w; || ri. (b) Comparison between the calculated diagonal SLC parameters of bcc Fe using
SECA (see Sec. IIB 1), as a function of r;;, and the ones reported in Refs. [21,22], obtained using a perturbative approach. In this case, the
displacement is taken in the & direction ([100]), while the spin quantization axis is in Z ([001]). (c¢) Symmetric anisotropic Heisenberg-like
interactions induced by the displacement of the ith atom. [(d)—(f)] Same as in (c), but for the Dzyaloshinskii-Moriya (DM)-like couplings for
each 3d ferromagnet when spin-orbit coupling is included. Negative displacements (|u;| < 0) represent a reduction of the ij pairwise distance,
in real space. The calculated equilibrium nearest-neighbor exchange interactions are J;;(0) = 1.31 mRy for bcc Fe, J;;(0) = 0.206 mRy for

fee Ni, and J;;(0) = 0.985 mRy for fcc Co.

for Fe, Co, and Ni, as a consequence of the well-known itin-
erant character of magnetism in these materials. Formally, we
can interpret this decay rate in a similar fashion as analyzed
in Ref. [57]: for large separation distances r;;, the Green’s

function G;; behaves proportional to %, which leads to a
ij

general profile o I% for the three-body interaction.

Concerning the mechanisms which give rise to the ex-
change interactions, an interesting observation was reported in
Ref. [58]. The authors noticed that, among the 3d series, bcc
Fe presents a quite unexpected and large antiferromagnetic
contribution coming from the #y,-t2, channel, which is also
mainly responsible for the RKKY-type oscillations. In that
sense, as we are also dealing here with the same material, it
is valuable to analyze the orbital decomposition of the spin-
lattice couplings. Fortunately, in a finite-displacement ap-
proach (ECA or sECA), where in the limit of u; — 0, Ffﬁ” =
277 ~ w, the Heisenberg-like spin-lattice cou-
;he myth orbital at site i and the math orbital

ouy; u
pling between

at site j becomes simply

N Jif}llmz(ug) _Jif?]"h(o)

ao
( ijk )m]m2 u]/: (7)
in which J;; = [Eq. (5)] is defined as J;; = Zmlmz l.';“’"z

(with J"™ = Lim [ s G186 de) [58-60],
because this decomposition is suitable for the nonrelativistic
level of theory. Thus, from Eq. (7) it is trivial that I';;" =
Zmlmz(r‘f‘z“)mlmz. As an example, the results for Fe are
shown in léig. 3, where we consider only the nearest-neighbor
interactions in the k = i case.

First, as expected, one notices the (almost isolated) rel-
evance of the 3d block to I';;;". However, differently from
the situation of the lattice in its equilibrium structure (“static”
case) [58], where all three orbital contributions (eg-¢€g, €4-12g,
and ty,-t2¢) actively participate in generating the final value
of the nearest-neighbor exchange interactions, here the short-

ranged mixed (e,-f2,), couplings are the leading responsible
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FIG. 3. Orbitally decomposed nearest-neighbor diagonal SLC
(Heisenberg-like) parameter of bcc Fe. The spin quantization axis
is in Z ([001]).

factor for the spin lattice, accounting for ~75% of the final
value. Note that e,-e, presents the largest contributions that,
nevertheless, compensate for each other. As in Fe the Fermi
surface (FS) has majorly a d-f;, character [61], we can thus
conclude that the nearest-neighbor spin-lattice couplings in
this material are predominantly influenced by contributions
from the so-called Fermi sea, with interactions mediated by
the double-exchange mechanism [58]. On the other hand,
farther away from the first neighborhood, the #),-f,, coupling
becomes more relevant (data not shown), highlighting the
greater weight of contributions arising from RKKY-type inter-
actions, directly linked to modifications in the topology of the
FS induced by atomic displacements. Of course, as discussed
before and differently from the first-neighbor case, such con-
tributions on longer-range interactions vary depending on the
relation between r;; and uy.

As in the static case, Fe appears to be a singular example.
When the same analysis is applied to nearest-neighbor cou-
plings in fcc Co, for example, the mixed interactions show the
least contributions to the final spin-lattice values. In the whole
interaction matrix (analogous to Fig. 3, not shown), the exis-
tent negative contributions to the spin lattice are much smaller
(>50%) than that calculated for Fe, in line with the orbitally
decomposed Bethe-Slater behavior shown by Cardias et al.
[60].

2. Parameters with spin-orbit-coupling origin

When spin-orbit coupling is taken into account,
Dzyaloshinskii-Moriya (DM)-like (’ng) couplings can
emerge with the displacements of the atoms from their
equilibrium positions. In all 3d ferromagnets analyzed
here, the DM coupling is trivially zero due to the crystal
symmetries in equilibrium, following Moriya’s rules
[62]. However, when an atom is displaced, the inversion
symmetry is locally broken, allowing for the emergence
of the anisotropic DM interaction; interestingly, those
DM couplings have a dynamical nature. The calculated
ijf‘ component values, defined as ijf = %(Fiji“ — Fiy;"
[26,63,64], are shown in Figs. 2(d)-2(f) for u € {x,y, z} as
a function of the ij pair distance. Due to the relatively low
spin-orbit strength of Fe, Ni, and Co (with self-consistent

values &1, ~ 60meV, &5, ~ 47 meV; &}, ~ 93 meV, &Y, ~ 89
meV; and Sgo ~ 76 meV, Séo ~ 66 meV), the Z component
of the emergent DM-like spin-lattice couplings is about two
orders of magnitude (or more) lower than the Heisenberg-like
elements, in meV/A. As argued in Refs. [18,22,52], these
DM-like terms act as a channel for angular momentum
transfer between the spins and the lattice subsystems, and
may be of particular relevance in the understanding of
ultrafast demagnetization experiments [10].

Differently from Heisenberg-like interactions (diagonal
parts), an important property of the DM-like vectors is the
intrinsic relation of not only their magnitude, but also their
direction with the ionic displacement u;. For example, when
calculating the Z component of ’Dl’.;k, a displacement perpen-
dicular to that axis (say, u; = X or u; = y) produces the values
shown in Fig. 2(d), which are in generally good agreement
with those reported in Ref. [22] (see Ref. [65]). Of course,
in this case the positive or negative signs are associated with
the relative orientation of that displacement. However, when
the displacement is also in Z, Df}f‘:z becomes virtually zero
for nearest to third-nearest neighbors, acquiring back residual
values for the fourth-nearest-neighboring shell (comparable
to the ones obtained for u; = X or u; = §). Analogous (but
not exactly) is also the case for fcc Ni and fcc Co. Note that,
even though we show results for the Z component of ’Dﬁ;k, the
two remaining components can be fully determined by cubic
symmetry transformations [18].

Physically, this again can be understood in terms of
Moriya’s rules. On the one hand, taking ij as a nearest-
neighbor pair in bee Fe, any u; = Z do not violate the mirror
plane encompassing the line segment between i and j. Conse-
quently, this configuration is expected to give rise to DM-like
interactions in a direction perpendicular to this plane, or par-
allel to the xy plane (D3~ — 0). On the other hand, if i;
is now a fourth-nearest-neighbor pair, some r;; vectors are
contained in planes that do not constitute an inversion mirror
[e.g., the (130) plane], so in principle nonzero Dj!'™ are
allowed; in this particular case, two different nonzero values
are predicted, because the ions that live in such planes are
positioned in two symmetric heights with respect to the xy
plane [e.g., (—%a, %a, :l:%a)]. Comparable reasoning can be
drawn for the other 3d ferromagnets. Thus, the interconnec-
tion between the system’s symmetry, distance of the ij pair,
and chemical classification of the involved atoms can gener-
ate very complex and anisotropic (within each neighboring
shell) patterns of the spin-lattice DM-like couplings, resem-
bling another spin-orbit-related quantity: the Gilbert damping
[47]. Formally, the anisotropic behaviors of both quantities
are explained by the requirement of nondiagonal operators,
although with different origins: while the former is related to
a nonlocal displacement matrix (o %), the latter comes, in
the torque-correlation model, from a local spin-orbit torque
operator [47,66].

For the DM-like terms when k # i(j), analogous reasoning
can be drawn as for the isotropic contributions, respecting the
general symmetry properties of the ’ijk parameters discussed
above. The norm becomes at least one order of magnitude
lower when compared to the k = i counterpart situation, with
its . component approaching zero whenever the ij pair be-
longs to a mirror plane in w (which is not violated by the
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displacement uy;(;)). An example of the calculated values of
ij for k # i(j) (with ij and ik pairs of nearest-neighbor sites)
in bee Fe is shown in the inset of Fig. 2(d), as a function of the

displacement. For this case, we obtain a variation of ij’.}(‘zz ~

0.005 mRy/A for the atoms i, j, k at (3a, 1a, 1a), (a,0,0),
and (0, 0, 0), respectively; however, ’ijf =% — 0 if the atom
J is positioned at (0, 0, a) for u; = Z. Although generally the
case for pure ferromagnets, the order-of-magnitude difference
between k # i(j) and k = i couplings may be not true when
the displaced atom k is a high spin-orbit center following
the Fert-Levy model for the DM interactions (DMIs) [67],
as also reported in Ref. [18]. Natural examples are L1y FePt,
CoPt, and Pm3m FeRh, among others. In such materials, it is
expected that the magnetoelastic Hamiltonian in momentum
space (to describe the magnon-phonon interactions) [68] will
require accounting for several neighbor combinations in real
space during the Fourier transformations due to the relevance
of the long-range DMI-like couplings.

Together with the DMI-like terms, naturally also
symmetric-anisotropic Heisenberg interactions will be
induced by the local breaking of inversion symmetry when
an atom is displaced; the Z-component, for instance, can
be calculated as [} = %(I‘Zyk“ +Fiy;€k“ ). As can be seen
in Fig. 2(c), they are at least one order of magnitude
lower than the correspondent antisymmetric (DMI-like)
interactions—a trend that is thus followed by its contribution
to the magnetoelastic energy density in the continuum limit
(see Appendix B). Moreover, from the 3d ferromagnets
analyzed, surprisingly Ni has the strongest induced I';;
interactions. When emergent in a static lattice primarily f]or
geometric reasons, as in the case of the kagome AV;Sbs
(where A is either Cs, Rb, or K) compounds [69,70], the
symmetric anisotropic Heisenberg exchange couplings have
been argued to be relevant to stabilize complex magnetic
textures [69,71] and nonreciprocal magnons [72]. Thus,
when those terms arise from the coupling to the lattice
degrees of freedom, they might be linked to the emergence of
nonreciprocal magnetoacoustic waves.

3. Comparison with the fitting procedure

Here we briefly investigate the fitting procedure described
in Sec. II B 2. To better understand the difference with respect
to directly calculated parameters by first-principles methods
(such as, e.g., in Refs. [14,21,22]), we can compare the ab
initio Ff‘.’z“ values with the curves predicted by both the BS
and the damped-oscillatory models within a realistic range
of atomic displacements (see Appendix A). An example for
fcc Ni is shown in Fig. 4, comparing only the diagonal
(Heisenberg-like) spin-lattice couplings, namely, I';;/ (i.e.,
with i = k). The obtained fitting parameters are in agreement
with those available in the literature [73] (see Ref. [74]).

As can be seen from Fig. 4, the I'}%/* values can vary
significantly with respect to those calculated via the sECA
method (of the order of ~70% in the worst case—function f}),
with a tendency to underestimation. A possible explanation
relies on the inadequacy of the adiabatic approximation for
Ni [75,76] and, likely, the sensitivity of the fitting procedure
with underestimations in the exchange parameters already on
the next-nearest neighborhood (i.e., even with small chosen
rc); therefore, in this case the fixed interatomic dependence
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FIG. 4. First-principles calculated exchange interactions J;;
(black dots) of fcc Ni and the correspondent change (blue squares)
when the atom i in the nearest-neighbor ij pair is displaced, as a
function of the normalized interatomic distances (7;;/a). The curves
represent the best fit from the functions defined in Eqs. (4). The

. . . ‘ A
Heisenberg-like parameters (diagonal elements) I/ = - (for
@ = X) obtained for the nearest neighbors in each case are shown
in the legend.

assumed for J;;(r;;) for small local displacements becomes
less justified.

In particular, for a comprehensive description of the
interaction between spin waves and phonons, including spin-
gradient terms and beyond, it is relevant to recall that the
simplified treatment given by all fitting approaches via the
functions defined in Sec. II B 2 lacks at least two important
aspects, as discussed previously: (i) the spatial dependence of
the u; displacements, which encompasses information about
the lattice structure, and (ii) the absence of DMlI-like and
anisotropy-like terms, which would enable magnon-number
nonconserving processes.

B. Connection to macroscopic observables

Even though the listed properties for Ff‘]i” so far seem rea-
sonable, one may wonder about the validity of such atomistic
parameters in a macroscopic frame, and if they can be directly

linked to experimental observations somehow. As discussed
in Ref. [77], a simple quantity to which ‘;%: can be related is

the so-called magnetic Griineisen parameter y,, [78], acces-
sible by experiments [79]. This parameter is defined as y,, =
- %'1‘:1 (,C Assuming that the Curie temperature (7¢) depends
linearly on the exchange constants, as suggested by the mean-

field approximation (MFA), we find y,, ~ —% = —;‘,’7;‘.

Here, a denotes the equilibrium distance, Jo = Y j20Joj> and

Jy=> 20 % for a reference site at i = 0. Despite the well-
known limitations of the MFA, this approximation is still
suitable (and commonly applied) to simple 3d ferromagnets
such as bce Fe [80]; we can recognize this fact by compar-
ing the moderate difference between the MFA and the more
sophisticated Monte Carlo 7¢ estimates for bec Fe, using the
here calculated J;;'s: 1273 and 975 K, respectively, both in fair
agreement with the experimental value (1044 K).
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By combining the data for variation of 7¢ induced by pres-
sure in bee Fe [81] with the ordinary pressure-volume relation
given by the Vinet-type equation of state [82], we obtain the
experimental value y,, ™ ~ —1.51. From the theoretical side,
adopting the reasonable k = i premise for this case [83] yields
Jy~ 175 mRy/A (up to the fourth neighboring shell) and
Jo ~ 11.2 mRy, leading to y1°" ~ —1.49. This result is in
good agreement with y,," t, in spite of the approximations
involved.

In addition to the magnetic Griineisen parameter, the
quantum-mechanically derived spin-lattice interactions are
also strongly linked to classical magnetoelastic theory and the
associated phenomena. A more detailed derivation into that
direction is shown in Appendix B, as well as the extended
energy density expression, including terms that were not tra-
ditionally considered in early theoretical developments by
Abrahams and Kittel (AK) [3] and KT [2]. If we momentously
disregard the extra terms derived in Appendix B and write &,
following the approach of KT, we have [1-3,77]

Eme = E€ms T Eex

a a
/erB P mt e, + /erB;uc m _m s
®)

where e, s the magnetostriction term (of relativistic origin),
and e, is the term that describes the change in exchange
energy due to strain. While the former has been connected
with effects such as the magnetoelastic gap [84] and damp-
ing of magnetization [85] (which is not of the Gilbert type),
the latter has been associated with phenomena such as the
attenuation of sound waves [86] (i.e., acting effectively as a
source of damping to phonons, together with other sources,
such as phonon-phonon scattering [87]) and, conversely, also
with damping of magnons [77]. The link to the microscopic

FU’:” parameters is thus given as (derived in Appendix B)
1
I T KK g KK Y = Arig
BH«K - 11\1210 4V Z (Fuk Fuk zk) )
k
1 _
1 _ QUL ke K QoK K LY — AT
B///«K _Il\lino SVZ(Fuk ij 1] zk+Fz]k rz]rzjrzk)e ’
ajk

C))

in which V is the volume of the unit cell, A is a non-negative
attenuation constant, and 7 = %(Ir[ il + Iri]) is an average
distance. Particularly for the cubic symmetry the tensor ele-
ments By, and B/, reduce to B, = BI(I/)(SW + B(l')(l — 8uc),
which is also obtained numerically here. While the first term
of Egs. (9) is just partially new in the literature (as it has
been evaluated ab initio before using distinct approaches, as
the total energy or torque method calculations [88,89]), the
second term is still less explored. With this motivation in
hand, Fig. 5 shows the convergence of both tensor elements
from Eq. (9) as a function of A for bcc Fe, considering all
three-body interactions up to the fourth neighboring shell
from the reference ith atom. The limit A — 0 was obtained
by an extrapolation method via a third-order polynomial fit.
From the inset, we first notice the oscillating character of Bil as
a function of distance, a direct consequence of the long-range

1x10™"
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Average distance 7

B’ components (J/m)

0.00 1

uuuuuu

—0.251
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FIG.5. B and B for bce Fe as a function of the attenuation
constant A, extrapolated to A — 0. The lines indicate the polyno-
mial function fit for each case. Inset: The value of B| as a function of
7 when A = 0.

RKKY behavior. As for the contributions, £k = i is found to
be always negative, while the k # i(j) terms, due to their
multiplicity, were found to be relevant for obtaining especially
the diagonal elements of the B’ tensor: they lead, for instance,
to the final positive value of B|.

C. Noncollinearity: Dependence on the average spin polar
angle 0 and connection to spin temperature

In the context of magnetization switching, ultrafast de-
magnetization [90], magnetocalorics, skyrmion transport [8],
and several other phenomena in which the spin-lattice cou-
pling plays a role, thermal effects are commonly present.
Associated with them, the spin structure experiences a non-
collinear ordering. Thus, still in the same context to evaluate
the ij-mediated interactions, an analysis of how the SLC
parameters behave when the atomistic spins are driven to a
noncollinear configuration is desirable from the theory point
of view.

The direct connection with the temperature of the spin
subsystem (7;) is complex. As noted by several authors (see
the reviews [33,63] and references therein), the scheme de-
signed by Liechtenstein er al. [32] to calculate exchange
interaction parameters depends on a reference state, which
is usually taken to be the spin texture that represents the
lowest energy and was originally defined to be ferromagnetic
(the case, e.g., for Fe, Co, Ni, and Gd). However, for each
excited noncollinear spin configuration dynamically driven
by thermal fluctuations there exists a set of interaction pa-
rameters that defines a local (and temporary) mapping of
the spin Hamiltonian [Eq. (B1)]. In this sense, a route to-
wards a general solution would be to consider an extension
of the approach reported in Ref. [91]: a coupled constrained
noncollinear DFT-atomistic spin dynamics (ASD) method,
which still relies on an adiabatic approximation of the spin
degrees of freedom with respect to the electronic struc-
ture. In addition to being computationally expensive, this
approach would involve great complications in the interpreta-
tion of numerical results, given the simultaneous dependence
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TABLEL Average spin moment polar angle 8, obtained from the
smoothed functions shown in Fig. 11 for selected low spin tempera-
tures T;.

20 K 40 K 60 K 80 K 100 K
bee Fe 5° 7° 9° 11° 14°
fce Co 5° 7° 10° 11° 13¢
fce Ni 6° 10° 13° 15° 17°

of the spin-lattice parameters on r;;, U, and the spin state
itself.

To facilitate our analysis, we can largely simplify the prob-
lem and fit it into the framework of Ref. [92]. In that study, the
authors considered that there exists a correspondence between
T, and the average spin moment 6 coordinate, for fixed or ran-
domly distributed ¢ values. This assumption produced a good
comparison between experimental and theoretical magnon
spectra when the correspondent noncollinear Heisenberg pa-
rameters {J}jc(é)} were used, instead of the usual dataset (i.e.,
that considers the ferromagnetic configuration as the reference
state). Given the success of this simplified approach, we also
consider the direct T, <> 0 correspondence here.

In steps of AT; = 3K, we calculated the average 0 for
each Ty, also exceptionally taking into account the cubic mag-
netocrystalline anisotropy energy (MAE) with experimental
constants (see Appendix C). This condition ensures the ex-
istence of a preferential axis and, consequently, removes the
ambiguity in defining the same reference Cartesian {%, 9, 2}
axes for all independent calculations [as, in principle, without
MAE and for |D;;| = 0, Eq. (1) is rotationally invariant]. The
calculated 6 from the smoothed functions for given low spin
temperatures are presented in Table I. Interestingly, the angles
6 for bee Fe are close to those found in Ref. [92] for six layers
of Fe(001) on top of Ir(001), although slightly smaller for the
same spin temperature (correctly indicating here the tendency
towards a higher transition temperature due to the enhanced
dimensionality), and reflecting distinct atomic structures
(bce versus fec in Ref. [92]).

Now that we have established the rough T; <> 6 con-
nection, in order to evaluate the SLC parameters in that
noncollinear environment, we use the general formalism by
Fransson et al. [51] (see Methods) together with the SECA
scheme; the agreement between the SECA and the fully self-
consistent ECA method is satisfactory in all cases. Here, the
noncollinear calculations rely on an approximate constraining
approach [93], which is expected to produce good electronic
structure results for small angles in elemental ferromagnets,
such as those in Table I, in comparison to the more robust and
theoretically well-grounded constraining field DFT method
[94,95]. Figures 6 and 7 illustrate, respectively, the schematic
of coupled degrees of freedom (atomic displacements and spin
rotation), and the results for both Heisenberg-like and DM-
like contributions for our 3d ferromagnet reference systems.

Even though the limitations of our current procedure pre-
vent achieving higher spin temperatures as we would have
liked [96] (and as are routinely considered in experiments,
usually at room temperature [10,90]), we can already iden-
tify some relevant trends. From Fig. 7, we see that fcc

FIG. 6. Schematic representation of coupled degrees of freedom
in an ideal bcc lattice: atomic displacement in the p = Z direction
and single-spin rotation by a polar angle of @ in the %-% plane,
mimicking the noncollinearity induced by a finite spin temperature.
An analogous calculation procedure is adopted for displacements in
u = X, § directions.

Co Heisenberg-like interactions, in contrast to being char-
acterized by the largest spin-lattice parameters, present an
almost negligible change with respect to the polar angle 8,
in compliance with earlier results, that classified this sys-
tem as a quasi-ideal Heisenberg magnet [97]—with exchange
couplings that are poorly configurationally dependent. This
is also followed by the DMI-like interactions. Maintaining
the same pattern as Co, fcc Ni is even less affected by the
single-spin rotation. The constancy of Co and Ni J;; under
noncollinearity can be understood by a simultaneous decrease
of the magnetic moments and increase of the exchange in-
tegrals; this stability of J;;(6) leads to the coupling with the
lattice degrees of freedom being closely analogous to that
of the reference ferromagnetic state (6 = 0). In turn for bee
Fe, the single-spin rotation by 6 provokes a large change of
the spin-lattice parameters, mainly influenced by the non-
Heisenberg character of the e,-t, and eg-e, channels [98],
whose short-ranged interactions are strongly driven by the
double exchange mechanism [58]. As in the case of fcc Co,
this higher configurational dependence is also reflected in the
DMI-like couplings. In light of connections to damping [99]
and energy and/or angular momentum transfer to the lattice
subsystem [22], those results initially suggest that the effects
and/or contributions associated with spin-lattice coupling in
bce Fe become more prominent with an increase in tempera-
ture, while on fcc Co they tend to be less sensitive—something
that will be investigated further. This observation builds
upon the recent findings of Mankovsky et al. [100], who
examined the influence of the lattice temperature on the SLC
parameters of bcc Fe and also reported a significant impact.
Moreover, this naturally has implications for the Heisenberg-
like and DMI-like contributions to the magnetoelastic energy
density, as described in Eq. (B11) (Appendix B).

The emerging interest in understanding the angular mo-
mentum flow between the spin and lattice subsystems [10]
calls for a closer look into magnon-number nonconserving
processes—strongly linked to spin-lattice terms of spin-orbit-
coupling origin. An important quantity, argued in Ref. [22]
to be physically related to the torque exchanged between
the spin and lattice subsystems by a magnon-phonon in-
terconversion process [68], is Dg" (« = x,y), obtained by
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FIG. 7. Heisenberg-like (left columns) and DMI-like (central columns) spin-lattice parameters and the imaginary part of Dy (right
columns) as a function of the polar angle @ of the reference spin, which can be related to the spin temperature under a simplified picture:
(a) fec Co (topmost row), (b) bee Fe (central row), and (c) fcc Ni (bottom row).

Fourier-transforming the real-space DZ’Z parameters [101]:

Dgu — § D?ff;eiq(rj—ri)e—iq-(rk—r;)'
ij

Jk

ijk

SF= (8 +iS) and Df;,j‘z(D%"“iiw]zg), it can be

shown that, in momentum space, Hpmriike 1S converted to [22]

2i A A
HpMLiike = /25 Z (D; by — D:{‘biq)”g
an

(10)

To better understand that, one can begin with the atomistic

DMI-like Hamiltonian Hpmpiike = SLZ Zijku Dﬁj}k . (SiXSj),
where the classical <> quantum spin substitution m{ —
Sf‘ /S is considered (here, 8, is the spin vector represented
in terms of its Hermitian Cartesian component operators,
and S = |[(8)]). By applying the standard linear Holstein-
Primakoff transformations (LHPTs) (S ~ \/ﬁlsgﬂ, and
87 =S —bib;), and with the help of ladder definitions

QY

2i o
Db yoult

k. k'“k k—-k')’

S«/N % (kK

where by (13;) denotes the annihilation (creation) operator of a
magnon with wavelength k, N is the total number of atoms
in the lattice, and Dy follows the definition in Eq. (10).
The first term in Eq. (11) corresponds to magnon-number
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nonconserving scattering processes, which are associated with
the transfer of angular momentum from the magnetic order
to the lattice. The second term represents magnon-number
conserving processes, which are responsible solely for energy
transfer [22,68]. Therefore, the coefficients Dg"* dictate the
magnitude of the one-phonon/one-magnon couplings involved
in these processes.

In this sense, in Fig. 7 we also present the imaginary part
of these coefficients for the case of o« = X. From the behavior
of Im(Dy"), one can readly notice two features: (i) a strong
dependence on the wavevector q, and (ii) the existence of dif-
ferent Im(Dg"") profiles, which depend on the x displacements
and indicate the distinct magnon couplings with transversal
and longitudinal phonon modes. The additional symmetry
breaking induced by the noncollinearity modifies the original
profile of the curves, especially for displacements in the u = X
direction, towards which the spin is canting. As expected
from the real-space results, while Im(Dg") is hardly changed
for Co and Ni, in Fe this quantity is strongly affected. This
means that the coupling strength related to the hybridization
between phonons and magnons is, in general, strongly en-
hanced in Fe because of the noncollinearity induced by finite
spin temperatures. Such modifications have a direct impact on
the generation of magnetoelastic waves [68], and the angular
momentum transfer between spins and the lattice, being an
effect to be accounted for in more realistic atomistic dynamics
simulations—such as those pursued recently by Korniienko
et al. [38].

Another noteworthy quantity, also of spin-orbit-coupling
origin, is the nonlocal contribution to the magnetic anisotropy
that arises from an atomic displacement. Analogously to the
equilibrium parameter discussed by Udvardi et al. [26], we

can define IC’jk = 2(F fj’;“ l‘]y,f ) and its Fourier transform
Ky = 2 53 Kfsye™ e~ K@) This quantity naturally

originates from the consideration of the general term o
i Tigp mimuy + T3l mimut that s part of the full
spin—lattlce Hamlltoman [Eq. (3)] and vanishes in the non-
relativistic case An application of the LHPT leads to terms in
which IC]’:“ \ are coupling strengths of number nonconserving
magnon-phonon scattering processes involving two magnons
and one phonon:

1 PR apan
— " " IR NN
Hune-ani = N > (K wbbint ooy + Ko BBty 1)) -

kk' 1o

12)

Those are commonly referred to as magnon confluence or
splitting processes [68] (see Fig. 8 for a diagrammatic rep-
resentation), and also contribute to the transfer of angular
momentum from the magnetic order to the lattice. Thus, the
obtained Im(ICk ) curves can be seen in Appendix E, present-
ing a complex dependence on the pairs of momenta (k, k’). In
accordance with Ref. [52], this contribution is in general much
smaller when compared to those coming from the DMI-like
contributions in all 3d ferromagnets. However, when non-
collinearity is considered, the values are greatly enhanced,
resulting in a non-negligible contribution from the nonlocal
anisotropy to the (total) angular momentum transfer. In this
aspect, we notice that in certain materials, such as CoF,

(@)

FIG. 8. Feynman diagrams illustrating number nonconserving
magnon-phonon scattering processes involving two magnons (solid
lines) and one phonon (dashed lines): (a) confluence; (b) splitting.

such two magnon—one phonon interactions can be particularly
strong even at very low temperatures [102].

D. Effect of pressure: The case of bece iron

Controlling the magnon-phonon coupling by external
stimuli (what we can readly define as magnon-phonon engi-
neering) is desirable from the application point of view. On
one side, recent experimental investigations have established
that high pressure can induce strong magnon-phonon inter-
actions, as it is the case of the bulk layered FePS; [103].
Such strong magnon-phonon coupling can be of interest in
many ways, such as to the formation of the so-called magnon-
polarons [85,104], to enable coherent information processing
that combines the advantages of both spintronics and strain-
tronics [6], or even to the efficient manipulation of magnetic
skyrmions via acoustic waves [105]. On the other side, in-
ducing a weaker magnon-phonon coupling diminishes the
exchange-mediated magnetoelastic contribution to the damp-
ing of magnons (especially those of shorter wavelengths),
directly impacting in their lifetimes [21,77]. From the results
presented in the previous section (Sec. IV C), and based on
the peculiar competition between interorbital exchange in-
teractions to which it is subjected [58], bcc Fe stands out
from the 3d ferromagnets as an interesting candidate for the
analysis of the effect of pressure in the atomistic spin-lattice
parameters.

At moderate temperatures (7 < 1000K) and low pres-
sures, iron crystallizes in the « phase (bcc), transforming
into the & phase (hcp) when the external pressure reaches
~11 GPa [106]. However, even beyond this thermodynamic
stability limit, the o phase continues to be metastable; the
bce phase only becomes dynamically unstable at much higher
pressures (P ~ 180GPa [107]), and the dynamical precur-
sor effects of the Burgers mechanism [108], associated with
the bcc-hep transition, are still absent [109]. Thus, it is
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FIG. 9. Change in the spin-lattice-coupling parameters of bcc Fe when an isotropic contraction (isodeformation in all three directions)

is applied, as a function of the normalized interatomic distance %’

(a) diagonal SLC parameters for k = i, (b) DMI-like couplings (also

for k = i), and (c) symmetric anisotropic Heisenberg-like interactions induced by the displacement of the ith atom. (d) Orbital decomposed
nearest-neighbor diagonal SLC parameter as a function of the applied pressure. All values expressed for a spin quantization axis (SQA) in

and displacement in the i = % direction. Lines are guides for the eye.

reasonable to present theoretical results even for P 2 11 GPa,
especially because our aim here is to investigate the behav-
ior of spin-lattice couplings under more extreme conditions
in iron.

When pressures of the order of 0 < P < 1.75GPa are
applied to pure iron, an intriguing phenomenon occurs: the
Curie temperature stays almost constant, differently from
other ferromagnetic materials, such as nickel [81]. At the
core of this observation lies two competing factors: the si-
multaneous increase of the exchange interaction parameters
and reduction of local magnetic moments [110], expected as
the ferromagnetic state tends to become more itinerant as
the interatomic distances decrease. This dichotomy is also
obtained theoretically here and is present even for higher
values of P (see Appendix D). However, spin-lattice cou-
pling seems to follow the opposite trend in Fe: although a

contraction induces larger spin-spin interactions, spin-lattice
coupling becomes weaker. Figure 9 shows the results for the
SLC parameters when a pressure P € [0, 30] GPa correspond-
ing to an isotropic contraction is applied to bcc Fe, together
with the orbital decomposition of the nearest-neighbor diag-
onal (Heisenberg-like) interaction. We immediately see that
the diagonal SLC parameters, in the k = i case, diminish by
~17%, which is, in good approximation, followed by the
corresponding off-diagonal terms (D;; and I7;). From the
conversion discussed in Sec. IV B, this results in an abso-
lute decrease of the k = i contribution to the magnetoelastic
parameters B| and B, . Since the contributions for k = i are
negative, particularly for the diagonal elements Bil, this con-
sequently increases their values: from 0 to 30 GPa, B| roughly
doubles, while B, becomes less negative by ~20%. In turn,
the calculation of Im(Dfl’” ) shows a clear trend, as the curves
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decrease almost everywhere with increasing pressure in the
whole Brillouin zone, with a maximum decrease of ~20% for
@ =¥ (data not shown). Such modified parameters by pres-
sure (including now the DMI-like contribution) influence the
dispersion relations, affecting both the gap observed around
the crossing points of magnon and phonon bands [111], in-
duced by their interaction, and the attenuation of both spin
[77] and sound [86] waves in the material.

To inspect the origin of such effects, we again relied
on the orbital decomposition of the SLC parameters, here
analyzed for the nearest-neighbor Heisenberg-like interac-
tions [Fig. 9(d)]. Unlike the static situation, where the mixed
and short-ranged e -5, interactions are majorly responsi-
ble for the value of I‘f’j‘f"“ (Sec. IV A), its change (for first
neighbors) when an external pressure is applied has the
primary contribution coming from the long-range, RKKY-
type, t,-tr, interactions—while eg-e, and e, -1, spin-lattice
couplings, mainly characterized by the double-exchange
mechanism [58], are much less sensible for such structural
modifications.

V. CONCLUSIONS AND OUTLOOK

We have extensively investigated and compared the spin-
lattice coupling parameters of the 3d elemental ferromagnets
(Fe, Co, Ni) with ab initio accuracy. The calculations
were performed within the proposed simplified embedded
cluster approach, which shows excellent agreement with
the (computationally more expensive) fully self-consistent
scheme. From the point of view of the ground-state struc-
tures and magnetization, we demonstrate the existence of
not only diagonal Heisenberg-like, but also symmetric and
antisymmetric anisotropic (Dzyaloshinskii-Moriya-like) in-
teractions, of spin-orbit-coupling origin. When noncollinear-
ity (roughly related to spin temperature) is taken into
account, these parameters, especially in Fe, can undergo
significant changes; this has serious implications for the
generation of magnetoelastic waves and the transfer of an-
gular momentum between the spin and lattice subsystems.
Additionally, for Fe under isotropic contraction, there is
a notable change in the exchange-mediated magnetoelas-
tic constants, including a significant enhancement of B|. In
the nearest neighborhood, this is shown to be influenced
by long-range RKKY-type interactions, and therefore driven
by changes in Fermi surface topology due to atomic dis-
placements. Finally, a conversion between the atomistic,
quantum-mechanically derived coupling parameters and the
phenomenological magnetoelastic theory is presented and ap-
plied to the calculation of the B| and B’| constants, to which
we find that the inclusion of nonlocal interactions (k # i(j))
is crucial.

The implications of this investigation are diverse. First, the
analysis presented here builds upon existing research and may
serve as a benchmark for future experimental and theoretical
studies in the field. Second, our findings expand the current
knowledge of the spin-lattice-induced Dzyaloshinskii-Moriya
interaction as the primary mechanism for angular momentum
transfer between the magnetic system and the lattice, demon-
strating that other actors can play a crucial role in the presence
of noncollinearity. Third, while we show that the commonly

employed (and computationally affordable) J;;(r;;) expan-
sion significantly misrepresents the underlying physics of
spin-lattice interactions, we explore the connection between
atomistic coupling parameters and continuum magnetoelastic
theory beyond magnetostriction. This approach can enable
large-scale simulations grounded in ab initio results, incorpo-
rating both isotropic and anisotropic terms, offering a viable
alternative route for this purpose.
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APPENDIX A: REALISTIC CALCULATION
OF ATOMIC DISPLACEMENTS

The expectation value of thermal atomic displacements,
(u?), correspondent to a given lattice temperature can be
theoretically obtained from several methods. In the present
work, we use the thermal displacements within the har-
monic approximation (HA), as implemented in PHONOPY [43],
and which is dependent on the phonon frequencies calcu-
lated by means of the ab initio force constants. It is widely
known that the HA is usually good for solid-state systems
at sufficiently low temperatures, from which we calculate
the maximum displacement for determining the spin-lattice
parameters. An example for bcc Fe and fcc Co is shown in
Fig. 10, together with experimental data from Refs. [109,112]
and a comparison with the values estimated using Debye’s
theory:

=L 3 (L ]
_4n2mk39D QD b 4 ’

where 60 is the Debye temperature (here taken as experimen-
tal results), ®(x) = szo s—7dz is the Debye function, m the
atomic mass, & the Planck constant, and kp represents the
Boltzmann constant. which has been used before, and can

also represent a rather good approximation for (1?). Similar

(u (A1)
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FIG. 10. Computed ferromagnetic phonon dispersions of (a) bcc Fe and (c) fcc Co, and comparison with room-temperature experimental
data (black dots) extracted from Ref. [109] (bcc Fe) and Ref. [112] (fcc CogoaFepos). [(b), (d)] Correspondent root-mean-square (rms)
thermal displacements calculated within the HA (blue dots), together with the estimation by the Debye theory [Eq. (A1), green lines], for
the experimental values 6p = 470.2K (bcc Fe, from Ref. [113]), and 6p = 385K (fcc Co, from Ref. [114]). In (b) we also show the rms
displacement experimental data from Ref. [115] (red stars), where the raw values were divided by +/3 as we are plotting only one of the

Cartesian components.

calculations and analysis were performed for fcc Ni, and are
already reported in Ref. [12].

APPENDIX B: ATOMISTIC SPIN-LATTICE
HAMILTONIAN IN THE CONTINUUM LIMIT

We start deriving the continuum limit of the atomistic spin-
lattice Hamiltonian by considering an equivalent expression
of Eq. (3) to account for the relative atomic displacements
(uyf — u!") [116], as already considered in Refs. [117,118]:

HSL_——Zer‘j‘Zﬂmm L —ut). (Bl

ijk afu

Let us first consider the case « = S, in which Eq. (B1) can
be rewritten as

He = —= ZZFfﬁ" m; (u — u). (B2)

ijk  pa

In this case, the local moment m; = m(r;) can be ex-
panded as m; ~ [m + (r;; - V)m + 1(r;; - V)’m] (for r;; =
r; —r;), and the relative atomic displacements w; —u; ~
(rit - V)u up to the first-order approximation. Now for m;,
the first term gives a constant contribution to the energy, as

|m|?> = 1. The second term vanishes as one can show that

am”

NS SRR
=3 X, [D 7|0

for the same reason as the first term (jm|?> = 1). Thus, using
the substitution ), — % [ dr and assuming that the bound-
ary terms vanish in the integration by parts, Eq. (B2) can be
rewritten as

m-(r;-V)m =

om" om" out

aap C e
Hse drz Z Fljk ij lrj ik dx; axr ox.

Jjk paknit
(B3)
where V is the volume of the unit cell (occupied by each atom
i), and the tensor

1
/ _ aapn & K
Aat,;ucn{t - 4V Z :szk rler]rlk (B4)
Jjk

can be defined. We immediately see that the parameters
defined by Eq. (B4), for large distances, are proportional to ap-
proximately r3, which might make the series converge slowly
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(or even diverge) as a function of neighbors for itinerant-
electron systems (as I';;* decays as £ see Sec. IV A). This
is essentially the same problem that appeared when trying to
calculate the spin-wave stiffness constant from atomistic J;;’s
[57]—for which we can employ an analogous solution:

A =M v Z relrirnre ™™, (BS)

o ;un]{r

for A € R>. Here, we choose to write the attenuation factor
dependent on the average of the distances 7 = %(lr,- il i)
due to the fact that I';';" interactions are thought to be influ-
enced by the combined effect of the distances.

Now we aim to compare the expression of Eq. (B3) to the
classical magnetoelastic energy density expression [1-3,77]
(see Sec. IV B),

0 0
Eme = /er[ et m” +B/u< 8:1 . am:|€w<, (B6)
i Xk

13
in which the strain tensor elements €,, = 2(3“ "” ) are

standard in infinitesimal tensor theory and defined in terms
of the atomic displacements. Note that this expression does
not take into account the volume magnetostriction term, in-
dependent of the magnetization direction and related to the
exchange interactions in the Néel model [54,119]. In the spin-
lattice dynamics simulations, this effect should be included
via Eq. (3), as it is usually simulated through a J;;(7;;) de-
pendence in the spin Hamiltonian [74]. With that in mind,
it is possible to split the tensor A’ into symmetric (+) and
antisymmetric (—) parts such that it matches with Eq. (B6):

7 1 oo K ooK
(A, Mn;r)i v (FU,{M fj fj S b rfjrfjrl’;c) (B7)

from which one can easily write

om’ dm" out

/dl' Z [(Aa ;ucng‘r (AOI IJ-KU[T) ]

Hakngt ax{ axr axK
om" om" 1 NP
=) o, = (A, +[ ou”
/ rw%;gr ax{ 0x; |:2( a,,u,Kn;'z) (axK + ax#)
(A )y out duk
R dx,  dxy
om" om'
- / dr Y T Al g e
HoKnET 4 T
+ (A:y,;u(n(f)_a)w(]. ®5)

Thus, the magnetoelastic constants B), due to the ex-
change interactions under lattice deformations can be written
as

1 ~
/ 1 oL L /c K aak K M1 —AF
B - hin z :(szk z] 1] Tig +F1]k rl]rl]rlk>e ’

(B9)

where ¢~2" is the same ad hoc attenuation factor intro-

duced in Eq. (B4). Note that this decomposition leads to

a much richer physics than described by early magnetoe-
lastic theories, including also naturally terms dependent on

. . . . 123
the infinitesimal rotation tensor @, = %(‘;ﬁ a“ =), previ-

ously investigated by, e.g., Bonsall and Melcher [120] and
Bar’yakhtar et al. [121]. This term has been associated,
for instance, with differences in the speeds of transverse
sounds propagating along the easy axis and perpendicu-
lar axes of certain materials, such as the antiferromaget
MnF, [122]. It is also interesting to see how they di-
rectly connect with the quantum-mechanically derived 7"
parameters.

For i = j (i.e., for the on-site interaction, as previously
defined, for instance, by Antropov et al. [123] and Mankovsky
et al. [52]), then it is possible to write the magnetostriction
terms correspondent to B, in Eq. (B6) as

1
By = lim — D (Tt + TSt )e s (B10)
k

by using the same reasoning of separating in symmet-
ric and antisymmetric parts the resulting tensor Ayg . =

v Dok TP % in this case. Thus, the B, elements, related

to the local Ffl‘f " terms and as discussed previously [22],
describe effects induced by spin-orbit coupling when the local
symmetry is broken by the displacement of the kth atom.
Within the Néel model [119], they are strongly related to the
dipole term. Interestingly, in the collinear-nonrelativistic limit
the local J;; terms can be shown to vanish when calculated
from one-site and two-site rotation approaches within the total
variation of the grand potential [33]. However, in a spin-orbit-
coupling environment where also atoms are allowed to move
from their equilibrium positions, this symmetric cancellation
is not expected to hold anymore.

Up to now, only the case o = has been considered
for i # j. However, if we allow also for « # 8, then both
Dzyaloshinskii-Moriya (when spin-orbit coupling is enabled)
and symmetric anisotropic Heisenberg interactions [63] will
intuitively lead to contributions to the magnetoelastic energy
density. Although the former has been only very recently
considered by Weillenhofer et al. [117], the latter—to the best
of our knowledge—has been never addressed (even though
it naturally leads to an expression analogous to the DMI-like
contribution); in particular, the symmetric anisotropic Heisen-
berg couplings can be relevant in the context of complex
atomic structures, such as the kagome AV3Sbs (where A is
either Cs, Rb, or K) compounds [69,70]. In order to express
those contributions, one may expand F, % > for a # B, as

Ffi‘z” =3, 8aﬁy(Duk Fl;’,f) where 44, is the Levi-Civita
symbol, and F“’S " represents the symmetric anisotropic ex-
change couphng induced by the (relative) displacement of
the kth atom in the p direction. In turn, m; may be ex-
panded to its first order in m (m; ~ m + (r;; - V)m), as
the first-order terms do not vanish anymore as in the case
ofa = .

Therefore, in general, Eq. (B1) can be translated into the
following (extended) energy density expression using again
the same symmetric-antisymmetric separation of the resulting
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tensors:

ESL

~ /dl'z mamﬂ[(Aaﬂ,[LK)+6[LK + (Aotﬂ,,u,l()_wﬂl(]

afux

B
iik

am’" am” A , _
/ Z (x ;u(r];r)+€//-'( + (Aoz,/u(n{t) w/l'(]

0x; Ox,
HakngT

contribution from the on-site induced anisotropies I'

contribution from the Heisenberg-like interactions F‘.“;f”

0
+ [dr Z Saﬁym a_m [(Cy{ /uc) €uc T+ (Cy( /LK) a)/LK]

HakngT

contribution from the induced DMI-like 'Dz’;

+ /dr Z saﬁ,,m

HakngT

ﬁ[(Cﬂ /w) €uc + (C;//g,w)_w;m],

contribution from the induced symmetric-anisotropic Heisenberg-like I}/

(B11)
where the elements of the tensors C and C’, introduced in
Eq. (B11), can be written as

1 _

+ _ 1 E 144 VK —AF

(C)/LMK) - 11\1210 4v <Dljkrljrlk Dljk ij lk)e ’
Jjk

1
’ + _ 1 YU & Kk Yk 7A;
(C)/C,MK) - 11\1510 W Z (Fuk rtjrtk + Fz/k ij :k)e
(B12)

Obviously, for centrosymmetric materials, the DM-like
contribution to the magnetoelastic energy density presents a
dynamic character (i.e., approximately vanishes for very low
lattice temperatures). This contribution has been experimen-
tally observed in, e.g., surface acoustic waves propagating in
ultrathin CoFeB/Pt bilayers [124]. In Ref. [124], the authors
argue about a nonreciprocity effect provoked by DMI to be
interesting for the realization of acoustic diodes. The terms
in Eq. (B11) can be further expanded by considering higher-
order spin-lattice interactions (as, e.g., recently suggested in
Ref. [52]).

APPENDIX C: CALCULATION OF § AS A FUNCTION
OF THE SPIN TEMPERATURE

The calculations were performed using the Uppsala Atom-
istic Spin Dynamics (UppASD) [125] package. The spin
configuration, initially set as ferromagnetic (single-domain)
inside a simulation cell of 30x30x30 spins with periodic
boundary conditions, was initially thermalized using the
Monte Carlo method to each 7;. The spin Hamiltonian was
set to consider both the equilibrium spin-spin exchange in-
teractions, included up to a distance of Sa (fcc Ni, fcc Co)
or 7a (bce Fe), as well as the MAE. In such cubic systems,
the energy E as a function of the magnetization direction
is well represented as E = Ko + Kj(afo3 + o305 + a3a7),
where «; (i = {1, 2, 3}) are the direction cosmes In our sim-
ulations, the constants K; were taken from experimental data:

40

—— bcc Fe
— fcc Co
351 —— fcc Ni

30 1

(deg)

'

04—

0 20 40 60 80 100 120 140 160 180
Spin temperature (K)

FIG. 11. Obtained 6 as a function of the spin temperature, 7y, for
the 3d ferromagnets considered here. The points symbolize the raw
data obtained directly from ASD simulations, while the solid lines
represent the smoothed function by the lowess algorithm [129] with
the parameter f = 0.25.

K; = 3.9 yeV/atom for bcc Fe (from Ref. [126], with easy
axis [100]), K; = 8.1 peV/atom for fcc Ni (from Ref. [127],
with easy axis [111]), and K; = 5.9 pueV/atom for fcc Co
(from Ref. [128], with easy axis [111]). The measurement
phase (stochastic spin dynamics) to reach a representative
average for the polar angle 8 was simulated with N =
7x10° time steps of dt = 107!, in a high damping regime
(¢ =0.7).

Figure 11 shows the obtained 6 values as a function of T,
for bee Fe, fcc Ni and fec Co. To capture the essential shape
of the 6(T;) curves and reduce the spread character induced
by statistical noise and finite-time/finite-size measurements,
we computed the smoothed function using a local weighted
regression (LOWESS) algorithm [129]. As we see, and as to
be expected, the spread becomes larger upon increasing 7,
which restricts the region of confidence to low temperatures
(Ty < 100K).

APPENDIX D: EQUATION OF STATE OF IRON AND
MAGNETIC PROPERTIES UNDER PRESSURE

The volume of bee Fe («-Fe) under pressure was obtained
by fitting the computed data points to the well-known third-
order Birch-Murnaghan (BM) equation of state (EOS). The
parameters obtained, namely, the bulk modulus Kj, K{) as its
first pressure derivative, and the equilibrium volume Vj,, are
shown in Table II, and compared with other available data
in the literature. Figure 12(a) presents the pressure-volume
relation obtained—used to calculate the lattice parameter for
each compressed situation—and compared to experimental
data. Moreover, the evolution of the spin-wave spectra, spin
magnetic moments, and Curie temperature with applied pres-
sure are displayed in Fig. 12(b).

From Fig. 12(a), we see that the fully ab initio results
obtained here, although reasonably close, tend to overestimate
the relative Volume <. This is discussed in detail in Ref. [133].
In summary, it can be seen as a deficiency of the Perdew-
Burke-Ernzerhof (PBE) functional, and remedied with a better
treatment of the electronic correlations. However, in view of
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FIG. 12. (a) Equation of state for bce Fe: calculated fully ab initio (dotted blue lines) and parametrized by a third-order Birch-Murnaghan
function, and fitted to experimental data extracted from Ref. [82] (black dots), parametrized by a Vinet function (solid orange line). Red dots
show another experimental set extracted from Ref. [132]. (b) Adiabatic spin-wave spectra for different pressures applied to Fe. Inset: Change
in the Curie temperature (black dots) obtained via RPA and the spin magnetic moment in jpz/atom (red dots) as a function of the applied

pressure.

the results presented in Sec. IV D, as the measured ‘% relation
is actually smaller than the calculated, we expect even larger
effects.

Interestingly, early experimental results on Fe reported an
almost constant pressure dependence of the Curie temperature
(% ~ 0) for P < 1.75 GPa, subsequently investigated by
first-principles calculations [110,131]; above that pressure,
when iron meets the «-y boundary, a measurable variation

bce Fe (u=X)

6=0° (0 K)

K
o
n
K

o
o
Im(Kk ) (MRy/A)

6=14° (~100 K)

fcc Co (u=

=5p—| >0 can be seen—from which we obtained y,, in
Sec. IV B. The mechanism associated with this almost con-
stant T¢ as a function of P is the competing increase of
exchange interactions [which is reflected in the enhancement
of the spin-wave dispersions, as can be seen in Fig. 12(b)], and
decrease of the local magnetic moments. Here we reasonably
reproduce such constancy of T¢ pressures up to P = 2 GPa

[see Fig. 12(b), inset), with a slope of &2 ~ 5.3 K/GPa, in

| ATc(P)
P

a

X) fce Ni (u=x)

6=0° (0 K)

o
)

0.00

o
-
K

5
o
2
IM(Kk ) (MRy/A)

°
o
IM(K ) (MRy/A)

6=7°(~40K)

FIG. 13. Imaginary part of the magnon-phonon coupling coefficient Kx ", related to the real-space nonlocal anisotropy-like term % (1";‘]’.‘,{“ —
Fly]y,:‘ ) (see text). This anisotropy arises as a consequence of atomic displacements in each p direction, and here is shown for . = % as a function

of the polar angle @ of the reference spin: (a) bec Fe, (b) fec Co, and (c) fec Ni.
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TABLE II. Equation-of-state parameters obtained by fitting of
both experimental contraction data or computed binding energy
curves of a-Fe.

Vo (A Ky (GPa)  K; EOS
PW-GGA (this work) 11.81 188 5.7 BM
LAPW-GGA [130] 11.15 189 4.9 BM
LMTO-GGA [131] 11.39 178 4.7  Vinet
Expt. [131] 11.78 172 50  Vinet
Expt. [82] 11.76 167 48  Vinet

excellent agreement with Ref. [110]. The calculation of each
Te was performed within the random-phase approximation
(RPA), providing more accurate predictions than the mean-
field results.

APPENDIX E: NONLOCAL CONTRIBUTION
TO THE MAGNETIC ANISOTROPY

When an atom is displaced from its equilibrium posi-
tion, the temporary and local breaking of inversion symmetry

induces contributions to the magnetic anisotropy, driven by
the existence of spin-orbit coupling. These contributions can
be local as well as nonlocal in nature. The former has been
extensively explored in the literature since the beginning of
the phenomenological considerations of magnetoelastic cou-
pling [1]. In fact, it can be regarded as the leading term, and,
as a consequence, more commonly considered in microscopic
theories (see, e.g., Ref. [134]). However, as pointed out by
Udvardi et al. [26], the mapping of the energy of an itinerant
electron system onto a spin Hamiltonian, in the relativistic
case, naturally offers a contribution to the anisotropy energy
emerging from nonlocal interactions. In the static case, al-
though not frequently of the leading order, this exchange
anisotropy can be significant, depending on the lattice geom-
etry or the presence of surfaces or interfaces [135]. In the
context of spin-lattice interactions, the reasoning is analo-
gous, but the presence of noncollinearity can generate strong
modifications in the induced exchange anisotropy by atomic
displacements—thereby constituting a non-negligible contri-
bution to the total spin-lattice anisotropy energy. In Fig. 13
we demonstrate those effects in bee Fe, fcc Co, and fcc Ni,
discussed in Sec. IV C.
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