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Mechanisms behind large Gilbert damping anisotropies
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A method with which to calculate the Gilbert damping parameter from a real-space electronic structure method
is reported here. The anisotropy of the Gilbert damping with respect to the magnetic moment direction and local
chemical environment is calculated for bulk and surfaces of Fe50Co50 alloys from first-principles electronic
structure in a real-space formulation. The size of the damping anisotropy for Fe50Co50 alloys is demonstrated to
be significant. Depending on details of the simulations, it reaches a maximum-minimum damping ratio as high
as 200%. Several microscopic origins of the strongly enhanced Gilbert damping anisotropy have been examined,
where in particular interface/surface effects stand out, as do local distortions of the crystal structure. Although
theory does not reproduce the experimentally reported high ratio of 400% [Phys. Rev. Lett. 122, 117203 (2019)],
it nevertheless identifies microscopic mechanisms that can lead to huge damping anisotropies.
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Introduction. Magnetic damping has a critical importance
in determining the lifetime, diffusion, transport, and stabil-
ity of domain walls, magnetic vortices, skyrmions, and any
nanoscale complex magnetic configurations [1]. Given its
high scientific interest, a possibility to obtain this quantity by
means of first-principles theory [2] opens new perspectives of
finding and optimizing materials for spintronic and magnonic
devices [3–8]. Among the more promising ferromagnets to
be used in spintronics devices, cobalt-iron alloys demonstrate
high potentials due to the combination of ultralow damping
with metallic conductivity [4,9].

Recently, Li et al. [10] reported an observed, giant
anisotropy of the Gilbert damping (α) in epitaxial Fe50Co50

thin films (with thickness of 10 − 20 nm) reaching maximum-
minimum damping ratio values as high as 400%. The authors
of Ref. [10] claimed that the observed effect is likely
due to changes in the spin-orbit coupling (SOC) influence
for different crystalline directions caused by short-range
orderings that lead to local structural distortions. This be-
havior differs distinctly from, for example, pure bcc Fe
[11]. In order to quantitatively predict the Gilbert damping,
Kambersky’s breathing Fermi surface (BFS) [12] and torque-
correlation (TC) [13] models are frequently used. These
methods have been explored for elements and alloys, in bulk
form or at surfaces, mostly via reciprocal-space ab initio ap-
proaches, in a collinear or (more recently) in a noncollinear
configuration [14]. However, considering heterogeneous ma-
terials, such as alloys with short-range order, and the
possibility to investigate element specific, nonlocal contribu-
tions to the damping parameter, there are, to the best of our
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knowledge, no reports in the literature that rely on a real-space
method.

In this Letter, we report on an implementation of ab initio
damping calculations in a real-space linear muffin-tin orbital
method, within the atomic sphere approximation (RS-LMTO-
ASA) [15,16], with the local spin-density approximation [17]
for the exchange-correlation energy. The implementation is
based on the BFS and TC models, and the method (see Sup-
plemental Material for details) is applied to investigate the
reported, huge damping anisotropy of Fe50Co50(100)/MgO
films [10]. A main result here is the identification of a micro-
scopic origin of the enhanced Gilbert damping anisotropy of
Fe50Co50(100) films and the intrinsic relationships to the local
geometry of the alloy. Most significantly, we demonstrate that
a surface produces extremely large damping anisotropies that
can be orders of magnitude larger than those of the bulk. We
call attention to the fact that this is the first time, as far as we
know, that damping values are theoretically obtained in such
a local way.

Results. We calculated: (i) Ordered Fe50Co50 in the B2
structure (hereafter refereed to as B2-FeCo); (ii) random
Fe50Co50 alloys in bcc or bct structures, where the virtual crys-
tal approximation (VCA) was applied; (iii) Fe50Co50 alloys
simulated as embedded clusters in a VCA matrix (host). In all
cases, VCA was simulated with an electronic concentration
corresponding to Fe50Co50. The (ii) and (iii) alloys were con-
sidered as in bulk as well as in the (001) surface, with bcc and
bct structures [hereafter correspondingly refered to as VCA
Fe50Co50 bcc, VCA Fe50Co50 bct, VCA Fe50Co50(001) bcc,
and VCA Fe50Co50(001) bct]. The effect of local tetragonal
distortions was considered with a local c

a = 1.09 ratio (see
Supplemental Material for details). All data for cluster based
results were obtained from an average of several different con-
figurations. The total damping for a given site i in real space
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FIG. 1. Nonlocal damping contributions, αi j , in (Fe-centered)
bulk B2-FeCo and bcc Fe, as a function of the normalized distance
in lattice constant units a. Inset: Nonlocal contributions from only
Fe-Fe pairs summed, for each distance, in bcc Fe bulk (empty blue
dots) and in the B2-FeCo (full red dots). The onsite damping for Fe
(Co) in B2-FeCo is αFe

onsite = 1.1 × 10−3 (αCo
onsite = 0.8 × 10−3) and

for bcc Fe it is αFe
onsite = 1.6 × 10−3. The magnetization direction is z

([001]). Lines are guides for the eyes.

[αt , Eqs. (S6) and (S7)] can be decomposed in nonlocal, αi j

(i �= j), and local (onsite), αonsite (or αii, i = j) contributions,
each of them described by the tensor elements

α
νμ
i j = g

miπ

∫
η(ε)Tr

(
T̂ ν

i ImĜi j T̂
μ
j ImĜ ji

)
dε, (1)

where mi is the total magnetic moment localized in the refer-
ence atomic site i, μ, ν = {x, y, z}, T̂ is the torque operator,
and η(ε) = ∂ f (ε)

∂ε
is the derivative of the Fermi distribution.

The scalar αi j parameter is defined in the collinear regime as
αi j = 1

2 (αxx
i j + α

yy
i j ).

To validate our methodology, the here-obtained total damp-
ing for several systems (such as bcc Fe, fcc Ni, hcp, and fcc Co
and B2-FeCo) was compared with established values available
in the literature (Supplemental Table S1), where an overall
good agreement can be seen.

Figure 1 shows the nonlocal contributions to the damping
for bcc Fe and B2-FeCo. Although the onsite contributions
are around one order of magnitude larger than the nonlocal,
there are many αi j to be added and total net values can be-
come comparable. Bcc Fe and B2-FeCo have very different
nonlocal damping contributions. Element resolved αi j reveals
that the summed Fe-Fe interactions dominate over Co-Co for
distances until 2a in B2-FeCo. We observe that αi j is quite
extended in space for both bcc Fe and B2-FeCo. The different
contributions to the nonlocal damping from atoms at equal
distance arises from the reduced number of operations in the
crystal point group due to the inclusion of SOC in combi-
nation with time-reversal symmetry breaking. The B2-FeCo
arises from replacing every second Fe atom in the bcc struc-
ture with a Co atom. It is interesting that this replacement (i.e.,
the presence of Co in the environment) significantly changes
the nonlocal contributions for Fe-Fe pairs, what can more

clearly be seen in the Fig. 1 inset, where the nonlocal damping
summed over atoms at the same relative distance for Fe-Fe
pairs in bcc Fe and B2-FeCo is shown; the nonlocal damping
of Fe-Fe pairs is distinctly different for short ranges, while
long-ranged (further than ∼2.25 Å) contributions are smaller
and more isotropic.

The damping anisotropy, i.e., the damping change, when
the magnetization is changed from the easy axis to a new
direction is

�αt =
(

α
[110]
t

α
[010]
t

− 1

)
× 100%, (2)

where α
[110]
t and α

[010]
t are the total damping obtained for

magnetization directions along [110] and [010], respectively;
note that this definition is different to the maximum-minimum
damping ratio, determined as α

[110]
t

α
[010]
t

× 100%, from Ref. [10].

Analogous definition also applies for �αonsite. We investigated
this anisotropy in surfaces and in bulk systems with (and
without) tetragonal structural distortions. Our calculations for
VCA Fe50Co50 bcc show a damping increase of ∼13% when
changing the magnetization direction from [010] to [110]
(Supplemental Table S2). The smallest damping is found for
the easy magnetization axis, [010], which holds the largest or-
bital moment (morb) [18]. For VCA Fe50Co50 bcc we obtained
a small variation of ∼2% for the onsite contribution (α[010]

onsite =
8.94 × 10−4 and α

[110]
onsite = 8.76 × 10−4), which implies that

the anisotropy comes mostly from the nonlocal contributions,
particularly from the next-nearest neighbors. For comparison,
�αt ∼ 3% (with �αonsite ∼ 0.4%) in the case of bcc Fe,
which corroborates the reported [11] small bcc Fe anisotropy
at room temperature and with the bulk damping anisotropy
rates [19].

We also inspected the chemical inhomogeneity influence
on the anisotropy, considering the B2-FeCo alloy, where
the weighted average damping [Eq. (S7)] was used instead.
The B2-FeCo bcc (∼7%) and VCA Fe50Co50 bcc (∼13%)
anisotropies are of similar magnitudes. Both B2 structure and
VCA calculations lead to damping anisotropies which are sig-
nificantly lower than what was observed in the experiments,
and it seems likely that the presence of disorder in composi-
tion and/or structural properties of the Fe/Co alloy would be
important to produce large anisotropy effects on the damping.

We analyzed the role of local distortions by considering
a hypothetical case of a large, 15% ( c

a = 1.15), distortion on
the z axis of ordered B2-FeCo. We found the largest damping
anisotropy (∼24%) when comparing the results with magne-
tization in the [001] (α[001]

t = 10.21 × 10−3) and in the [010]
(α[010]

t = 7.76 × 10−3) directions. This confirms that, indeed,
bct-like distortions act in favor of the �αt enhancement (and
therefore, of the maximum-minimum damping ratio), but the
theoretical data are not large enough to explain the giant value
reported experimentally [10].

Nevertheless, in the case of an alloy, the local lattice
distortions suggested in Ref. [10] are most to likely occur
in an heterogeneous way [20], with different distortions for
different local environments. To inspect this type of influ-
ence on the theoretical results, we investigated (Supplemental
Table S3) clusters containing different atomic configurations
embedded in a VCA Fe50Co50 matrix (with Fe bulk lattice
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TABLE I. Total intralayer damping (αt × 10−3) and anisotropy,
�αt [Eq. (2) of a typical (VCA) atom in each Fe50Co50(001) bcc
surface layer for magnetization along [010] and [110] directions.
In each line, the sum of all αi j in the same layer is considered.
Outermost (layer 1) and deeper layers (2–5).

Layer αt [010] αt [110] �αt

1 7.00 14.17 +102.4%
2 1.28 1.16 −9.4%
3 2.83 3.30 +16.6%
4 2.18 1.99 −8.7%
5 2.54 2.53 −0.4%

parameter); distortions were also considered such that, locally
in the clusters, c

a = 1.15 (Supplemental Table S4). Moreover,
in both cases, two types of clusters have to be considered:
Co-centered and Fe-centered. The αt was then computed as
the sum of the local and nonlocal contributions for clusters
with a specific central (Fe or Co) atom, and the average of
Fe- and Co-centered clusters was taken. Fe-centered clusters
have shown larger anisotropies, on average ∼33% for the
undistorted (∼74% for the distorted) compared with ∼8% for
the undistorted Co-centered clusters (∼36% for the distorted).
Although these results demonstrate the importance of both,
local distortions as well as nonlocal contributions to the damp-
ing anisotropy, they are not still able to reproduce the huge
observed [10] maximum-minimum damping ratio.

We further proceed with our search for ingredients that
could lead to a huge �αt by inspecting interface effects,
which are present in thin films, grain boundaries, stacking
faults, and materials in general. Such interfaces may influ-
ence observed properties, and in order to examine if they
are relevant also for the reported alloys of Ref. [10], we
considered these effects explicitly in the calculations. As a
model interface, we considered a surface, what is, possibly,
the most extreme case. Hence, we performed a set of αt

calculations for the Fe50Co50(001), first on the VCA level.
Analogous to the respective bulk systems, we found that the
onsite contributions to the damping anisotropy are distinct, but
they are not the main cause (�αonsite ∼ 18%). However, the
lack of inversion symmetry in this case gives a surprisingly
large enhancement of �αt , thus having its major contribution
coming from the nonlocal damping terms, in particular from
the next-nearest neighbors. Interestingly, negative nonlocal
contributions appear when αt is calculated in the [010] direc-
tion. These diminish the total damping (the onsite contribution
being always positive) and gives rise to a larger anisotropy, as
can be seen by comparison of the results shown in Table I and
Supplemental Table S5. In this case, the total anisotropy was
found to be more than ∼100% (corresponding to a maximum-
minimum damping ratio larger than 200%).

A compilation of the most relevant theoretical results ob-
tained here is shown in Fig. 2, together with the experimental
data and the local density of states (LDOS) at EF for each
magnetization direction of a typical atom in the outermost
layer (data shown in yellow). As shown in Fig. 2, the angular
variation of αt has a fourfold (C4v) symmetry, with the small-
est Gilbert damping occurring at 90◦ from the reference axis
([100], θH = 0◦) for both surface and bulk calculations. This

FIG. 2. Total damping and LDOS difference at EF , �n(EF ), as
a function of θH , the angle between the magnetization direction
and the [100] axis. Squares: (Red full) VCA Fe50Co50(001) bcc.
Triangles: (Green full) Average over 32 clusters (16 Fe-centered and
16 Co-centered), with bcc structure at the surface layers (Supple-
mental Material) embedded in a VCA medium; (gray open) similar
calculations, but with a local lattice distortion. Circles: (Yellow open)
�n(EF ) between θH = 0◦ and the current angle for a typical atom in
the outermost layer of VCA Fe50Co50(001) bcc, (blue full) exper-
imental data [10] for a 10-nm Fe50Co50/Pt thin film, (purple full)
average bulk VCA Fe50Co50 bcc, and (brown full) the B2-FeCo bulk.
Lines are guides for the eyes.

pattern, also found experimentally in [10], matches the in-
plane bcc crystallographic symmetry and coincides with other
manifestations of SOC, such as the anisotropic magnetoresis-
tance [10,21]. Following the simplified Kambersky’s formula
[12,22], in which (see Supplemental Material) α ∝ n(EF ) and,
therefore, �α ∝ �n(EF ), we can ascribe part of the large
anisotropy of the FeCo alloys to the enhanced LDOS differ-
ences at the Fermi level, evidenced by the close correlation
between �n(EF ) and �αt demonstrated in Fig. 2. Thus, as
a manifestation of interfacial SOC (the so-called proximity
effect [23]), the existence of �αt can be understood in terms
of Rashba-like SOC, which has been shown to play an im-
portant role on damping anisotropy [24,25]. Analogous to the
bulk case, the higher morb occurs where the system presents
the smallest αt , and the orbital moment anisotropy matches
the �αt fourfold symmetry with a 90◦ rotation phase (see
Supplemental Fig. S3). Note that a lower damping anisotropy
than Co50Fe50(001) is found for a pure Fe(001) bcc surface,
where it is ∼49% (Supplemental Table S2), in accordance
with Refs. [7,26], with a dominant contribution from the
on-site damping values (conductivity-like character on the
reciprocal space [19,27]).

The VCA surface calculations on real space allows to in-
vestigate the layer-by-layer contributions (intralayer damping
calculation), as shown in Table I. We find that the major
contribution to the damping surface anisotropy comes from
the outermost layer, mainly from the difference in the minority
3d states around EF . The deeper layers exhibit an almost os-
cillatory �αt behavior, similar to the oscillation mentioned in
Ref. [28] and to the Friedel oscillations obtained for magnetic
moments. The damping contributions from deeper layers are
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much less influenced by the inversion symmetry breaking (at
the surface), as expected, and eventually approaches the typi-
cal bulk limit. Therefore, changes in the electronic structure
considered not only the LDOS of the outermost layer but
also a summation of the LDOS of all layers (including the
deeper ones), which produces an almost vanishing difference
between θH = 0◦ and θH = 45◦ (also approaching the bulk
limit). The damping anisotropy arising as a surface effect
agrees with what was observed in the case of Fe [7] and
CoFeB [29] on GaAs(001), where the damping anisotropy
diminishes as the film thickness increases.

We also studied the impact of bct-like distortions in the
surface, initially by considering the VCA model. Similar to
the bulk case, tetragonal distortions may be important for the
damping anisotropy at the surface, e.g., when local structural
defects are present. Therefore, localized bct-like distortions
of the VCA medium in the surface, particularly involving the
most external layer, were investigated. The structural model
was similar to what was used for the Fe50Co50 bulk, consid-
ering c

a = 1.09 (see Supplemental Material). Our calculations
show that tetragonal relaxations around a typical site in the
surface induce a �αt ∼ 75%, from α

[010]
t = 8.94 × 10−3 to

α
[110]
t = 15.68 × 10−3. The main effect of these distortions

is an enhancement of the absolute damping values in each
direction with respect to the pristine (bcc) system. This is due
to an increase on αonsite, from α

[010]
onsite = 7.4 × 10−3 to α

[010]
onsite =

9.5 × 10−3 and from α
[110]
onsite = 8.7 × 10−3 to α

[110]
onsite = 11.7 ×

10−3; the resulting nonlocal contributions remain similar to
the undistorted case. The influence of bct-like distortions on
the large damping value in the Fe50Co50 surface is in line with
results of Mandal et al. [30] and is related to the transition of
minority spin electrons around EF .

We then considered explicit 10-atom Fe50Co50 clusters em-
bedded in a VCA FeCo surface matrix. The results from these
calculations were obtained as an average over 16 Fe-centered
and 16 Co-centered clusters. We considered clusters with
undistorted bcc crystal structure (Fig. 2, green full triangles)
as well as clusters with local tetragonal distortions (Fig. 2,
gray open triangles). As shown in Fig. 2 the explicit local
tetragonal distortion influences the damping values (α[010]

t =
10.03 × 10−3 and α

[110]
t = 14.86 × 10−3) and the anisotropy,

but not enough to reproduce the huge values reported in the
experiments.

A summary of the results obtained for each undistorted
FeCo cluster at the surface is shown in Fig. 3: Co-centered
clusters in Fig. 3(a) and Fe-centered clusters in Fig. 3(b). A
large variation of αt values is seen from cluster to cluster,
depending on the spatial distribution of atomic species. It is
clear that αt is larger when there is a larger number of Fe
atoms in the surface layer that surrounds the central, reference
cluster site. This correlation can be seen by the numbers in
parenthesis on top of the blue symbols (total damping for each
of the 16 clusters that were considered) in Fig. 3. We also
notice from the figure that the damping in Fe-centered clus-
ters is lower than in Co-centered clusters and that the [010]
magnetization direction always exhibits lower values. In the
Fig. 3 inset, the onsite contributions to the damping, αonsite and
the LDOS at EF in the central site of each cluster are shown: A
correlation, where both trends are the same, can be observed.

FIG. 3. Damping for the [010] (open circles) and [110] (full cir-
cles) magnetization directions for distinct types of 10-atom Fe50Co50

bcc clusters, embedded in VCA Fe50Co50(001) bcc and without any
distortion around the reference atom (for which αt and αonsite are
shown). (a) Co-centered and (b) Fe-centered clusters. The quantity
of Fe atoms in the surface layers (near vacuum) are indicated by the
numbers in parenthesis and the results have been ordered such that
larger values are to the left in the plots. Insets: αonsite for the [010] (red
open circles) and [110] (blue filled circles) magnetization directions,
and corresponding LDOS, n(EF ), at the Fermi level (green filled and
unfilled triangles) at the central atom (placed in the outermost layer)
for both types of clusters. Lines are guides for eyes.

The results in Fig. 3 shows that the neighborhood influences
not only the local electronic structure at the reference site
[changing n(EF ) and αonsite] but also modifies the nonlocal
damping αi j , leading to the calculated αt . In other words,
the local spatial distribution affects how the total damping is
manifested, something which is expressed differently among
different clusters. This may open up for materials engineering
of local and nonlocal contributions to the damping.

Conclusions. We demonstrate here that real-space elec-
tronic structure, based on density functional theory, yield a
large Gilbert damping anisotropy in Fe50Co50 alloys. Theory
leads to a large damping anisotropy, when the magnetization
changes from the [010] to the [110] direction, which can be as
high as ∼100% (or 200% in the minimum-maximum damping
ratio) when surface calculations are considered. This is in
particular found for contributions from surface atoms in the
outermost layer. Hence the results presented here represents
one more example, in addition to the well-known enhanced
surface orbital moment [31], of the so-called interfacial SOC.
This damping anisotropy, which holds a bcc-like fourfold
(C4v) symmetry, has a close relation to the LDOS difference
of the most external layer at EF (majorly contributed by the
minority d states), as well as to the orbital moment anisotropy
with a 90◦ phase. As a distinct example of an interface, we
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consider explicitly the Fe50Co50 cluster description of the
alloy. In this case, besides an on-site contribution, we find
that the damping anisotropy is mostly influenced by nonlocal
next-nearest-neighbor interactions.

Several Gilbert damping anisotropy origins are also
demonstrated here, primarily related to the presence of inter-
faces, alloy composition, and local structural distortions (as
summarized in Supplemental Table S6 [32]). Primarily we
find that: (i) the presence of Co introduces an enhanced spin-
orbit interaction and can locally modify the nonlocal damping
terms; (ii) the randomness of Co in the material can modestly
increase �αt as a total effect by creating Co-concentrated
clusters with enhanced damping; (iii) at the surface, the spatial
distribution of Fe/Co, increases the damping when more Fe
atoms are present in the outermost layer; and (iv) the exis-
tence of local, tetragonal distortions, which act in favor (via
SOC) of the absolute damping enhancement by modifying
the αonsite of the reference atom and could locally change
the spin relaxation time. Furthermore, in relationship to the
work in Ref. [10], we show here that bulk-like tetragonal
distortions, which in Ref. [10] were suggested to be the key
reason behind the observed huge anisotropy of the damping,
can in fact not explain the experimental data. Such distortions
were explicitly considered here, using state-of-the-art theory,
and we clearly demonstrate that this alone cannot account for
the observations.

Although having a similar trend as the experimental results
of Ref. [10], we do not reproduce the most extreme maximum-
minimum ratio reported in the experiment, ∼400% (or �αt ∼

300%). The measured damping does, however, include effects
beyond the intrinsic damping that is calculated from our elec-
tronic structure methodology. Other mechanisms are known to
influence the damping parameter, such as contributions from
eddy currents, spin-pumping, and magnon scattering, to name
a few. Thus it is possible that a significant part of the measured
anisotropy is caused by other, extrinsic, mechanisms. Despite
reasons for differences between observation and experiment
on films of Fe50Co50 alloys, the advancements presented here
provide new insights on the intrinsic damping anisotropy
mechanisms, something that is relevant for the design of new
magnetic devices.
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