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Magnetic damping in ferromagnets is a central parameter in spin dynamics and device design. Here, we combine
spin-pumping theory with the first-principles scattering-matrix method to investigate how an L1o-MnPd antiferromagnetic
layer modifies the damping of an adjacent NigoFeyg alloy (Py) layer. In the heterostructure Cu/MnPd|Py|MnPd|Cu, we
analyze the angular dependence of the damping enhancement for five representative magnetic configurations. When the
pumped spin-current polarization is perpendicular to the Néel vector, the antiferromagnet acts as an efficient spin sink and
strongly enhances the damping. When the spin current is polarized parallel to the Néel vector, spin backflow suppresses
the net spin-current injection and markedly reduces the damping enhancement. The angular dependence shows a dominant
twofold symmetry with a weaker fourfold component. This behavior can be quantitatively explained by the vector structure
of the spin-transfer torque. Additional tests involving Cu-spacer insertion, MnPd thickness variation, and several forms of
disorder — including spin disorder, lattice disorder, and interface disorder — confirm the robustness of this mechanism.
These results identify the Néel order as a new degree of freedom for tuning ferromagnetic damping and provide a theoretical
basis for designing antiferromagnet-based spintronic devices with controllable damping.

Keywords: spin pumping, magnetic damping, FM|AFM, MnPd
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1. Introduction

The magnetic damping of a ferromagnet (FM) charac-
terizes the energy dissipation during magnetization preces-
sion. It is a key factor that governs spin dynamics and lim-
its the operating frequency of magnetic devices. In thin-film
and multilayer structures, adjacent layers and interfaces can
substantially modify the damping of an FM, making interfa-
cial damping engineering a central issue in ultrathin magnetic
heterostructures.!'=3! From a physical perspective, the damp-
ing is often separated into intrinsic and nonlocal contributions.
The intrinsic part is governed mainly by spin—orbit coupling
and electronic scattering inside the FM itself, and its material
dependence in Fe, Co, and Ni has been systematically studied
experimentally*7! and from first principles.®*! The nonlocal
part originates from interfacial spin—angular-momentum ex-
change and is naturally described by spin pumping!!%!! and
by the scattering theory of Gilbert damping.['?! In the spin-
pumping mechanism, a precessing FM at ferromagnetic reso-
nance ejects a pure spin current into adjacent layers, thereby
enhancing the effective Gilbert damping of the FM. This pro-
cess is determined by both the spin-mixing conductance and

fCorresponding author. E-mail: yiliu42@shu.edu.cn
fCorresponding author. E-mail: yuanz@fudan.edu.cn
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spin backflow.!>319 Recent studies further show that mag-
netic damping and spin pumping can be strongly affected
by dynamic magnetic configurations.!'3] This highlights that
spin-current relaxation is sensitive not only to the interface but
also to the relative dynamics of magnetic layers.

In conventional FM/heavy-metal bilayers, the strong
spin—orbit coupling of the adjacent heavy-metal layer makes
it an efficient spin sink. This enhances the spin-pumping-
induced damping and also enables conversion of the spin cur-
rent into a detectable charge signal through the inverse spin
Hall effect.'*13) In this framework, interfacial spin transport
and damping modulation have become important experimen-
tal tools in spin—orbit electronics. They provide a standard
route for quantifying the interfacial spin-mixing conductance
and spin diffusion.[?31415]

In recent years, antiferromagnetic spintronics has ex-
tended the role of antiferromagnets (AFMs) from conventional
static pinning layers to active functional layers that can par-
ticipate in spin generation, transport, and absorption. 16201 In
FM/AFM heterostructures, the AFM not only influences the
static magnetic properties of the FM through exchange bias?!]
but also serves as a spin sink that mediates angular-momentum

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097202-1


https://doi.org/10.1088/1674-1056/ae6d9c
https://cstr.cn/32038.14.CPB.ae6d9c
mailto:yiliu42@shu.edu.cn
mailto:yuanz@fudan.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 097202 (2026)

dissipation during magnetization dynamics.?>?3! Recent ex-
periments further show that this dissipation depends on both
the symmetry and the direction of the antiferromagnetic or-
der. Wang et al. observed a fourfold symmetric damping
anisotropy in exchange-biased CoFeB/IrMnj3 bilayers, where
IrMn3 has a noncollinear antiferromagnetic order, and at-
tributed it to uncompensated antiferromagnetic moments. (>4l
Moriyama et al. in exchange-biased Pt/FeMn/FeNi poly-
crystalline films®! and Polishchuk et al. in NiFe/Cu/FeMn
polycrystalline spin valves!?®! both found that the ferromag-
netic damping enhancement depends on the angle between
the pumped spin-current polarization and the Néel vector. In
the former case, the exchange-spring effect prevents the Néel
vector from rotating smoothly with the applied field. As a
result, only abrupt damping changes within specific angular
intervals were observed. In the latter case, the angular de-
pendence is more continuous, but the phenomenological spin-
conductance model does not explain its microscopic origin. In
contrast, Yang et al. found that in the Py/CoO/Ag/Fe sys-
tem, once the interlayer magnetic coupling is eliminated, the
Fe-layer damping becomes insensitive to the Néel-vector ori-
entation of the insulating AFM Co0.!?’! These studies indicate
that metallic and insulating AFMs exhibit markedly different
damping responses to the Néel-vector orientation. They also
show that current explanations remain phenomenological or
are constrained by experimental conditions. This raises a cen-
tral question: does spin-current absorption in metallic AFMs
intrinsically depend on the Néel-vector orientation, and if so,
what is its microscopic origin?

In this work, we choose L1yp-MnPd as the AFM layer be-
cause of its simple collinear magnetic order and high Néel
temperature, *82° and the NigoFey alloy (Py) as the FM layer.
We combine spin-pumping theory!3°! with the first-principles
scattering-matrix method®" and study the symmetric het-
erostructure Cu|MnPd|Py|MnPd|Cu. This model system has
a well-defined magnetic structure and a clear physical pic-
ture, which allows us to systematically investigate how the
orientation of the Néel order modulates ferromagnetic damp-
ing. Compared with the polycrystalline samples, noncollinear
magnetic orders, and complex interfacial couplings such as
exchange bias and exchange-spring effects encountered in the
experiments discussed above, the collinear order of L1y-MnPd
allows the Néel-vector direction to be precisely defined and
independently controlled. We can therefore examine the in-
trinsic correlation between the spin current and the Néel order
without extraneous complications. By comparing the damping
response across different magnetic configurations, we further
show that the Néel vector selectively filters the pumped spin
current, absorbing the perpendicular component while reflect-
ing the parallel one, thereby giving rise to the angular depen-
dence of the damping. This provides a microscopic explana-

tion for the experimentally observed anisotropy without rely-
ing on phenomenological parameters.

2. Electronic structure of MnPd

To validate the adopted L1o-MnPd antiferromagnetic con-
figuration and assess the influence of magnetic-moment orien-
tation on the electronic structure, we calculate the electronic
structure of MnPd with different spin-quantization axes, as
shown in Fig. 1. The calculations are performed using the
DS-PAW first-principles plane-wave method.??! Figures 1(a),
1(d), and 1(e) show the band dispersion and density of states
for quantization axes along [100], [110], and [001], respec-
tively. The three band structures are nearly identical along
the full high-symmetry path, with only marginal differences
in band crossings and gaps near the Fermi level. This in-
dicates that the band structure is governed mainly by lattice
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Fig. 1. (a)-(c) Band structure and DOS of MnPd with the Néel-vector

orientation along [100], two-dimensional charge-density distribution in

the (010) plane (zero offset), with the color scale in units of e - A73,
and three-dimensional charge-density distribution. (d)—(e) Band struc-
ture and DOS of MnPd with the Néel-vector orientation along [110]
and [001]. AE denotes the total energy difference relative to the [100]
Néel-vector configuration.
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symmetry. By contrast, the spin—orbit-coupling-induced mag-
netocrystalline anisotropy has only a minor effect on the band
renormalization, so rotating the magnetic-moment direction
produces only negligible changes in the electronic structure
near the Fermi level. This conclusion is consistent with the
damping calculations presented below, which also show lit-
tle sensitivity to the MnPd Néel-vector orientation. Within
a given magnetic structure, rotating the Néel vector changes
the total energy only at the 1072 eV level, further confirming
the weak magnetic anisotropy of the system. In addition, the
lattice constants adopted here, a* ~ 2.88 A and ¢ =~ 3.58 A,
are close to the previous first-principles values a* ~ 2.89 A
and ¢ =~ 3.60 A reported for CuAu-I-type MnPd, >3] which
further supports the validity of the structural model used in
this work. Figure 1(b) shows the two-dimensional charge-
density distribution in the (010) plane, and Fig. 1(c) presents
the three-dimensional charge-density distribution. A Bader
charge analysis yields average charges of 6.35¢ and 10.65¢ for
the Mn and Pd atoms, respectively, with a total net charge of
zero, satisfying the charge-neutrality condition. Further cal-
culations confirm that Pd atoms in L1yp-MnPd do not carry a
stable magnetic moment in the ground state, consistent with
neutron-diffraction experiments. >8] A detailed discussion, to-
gether with the relevant literature evidence, is given in Ap-
pendix A.

3. Damping calculations

Having established the electronic structure of MnPd, we
next evaluate the damping enhancement in the symmetric het-

erostructure Cu|MnPd|Py|MnPd|Cu based on spin-pumping

theory and the first-principles scattering-matrix method.3%-3!]

3.1. Heterostructure setup

The composite system is shown schematically in
Fig. 2(a). The Mn atomic layers serve as contact layers di-
rectly adjacent to the Py layer, and the outer MnPd surfaces are
connected to semi-infinite Cu electrodes. The atomic match-
ing at the Mn|Py interface is illustrated in Fig. 2(b). The lattice
constant of Py is apy = 0.355 nm, whereas the a-axis lattice
constant of MnPd is apppq = 0.407 nm. We rotate the Py lat-
tice by 45° and match a supercell of 64 Py atoms per layer to a
supercell of 50 MnPd atoms per layer. A small tensile strain is
applied to the Py lattice to remove the residual mismatch. Cu
is treated in the same way owing to its structural similarity to
Py, yielding a total mismatch of 1.32%. We define ¢ as the an-
gle between the FM magnetization m and the [100] axis. This
angle is the central parameter in the subsequent analysis of the
angular dependence of the damping. We adopt the symmetric
Cu|MnPd|Py[MnPd|Cu geometry to isolate the damping con-
tribution from the MnPd|Py interface. Within this geometry,
the two MnPd|Py interfaces are crystallographically and mag-
netically equivalent, so that their spin-pumping contributions
additively contribute to a single intercept. This intercept can
therefore be unambiguously attributed to the AFM-induced
damping enhancement, leaving the orientation of the MnPd
Néel vector as the only remaining variable in the subsequent
angular-dependence analysis.
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Fig. 2. (a) Schematic of the overall heterostructure. (b) Unit-cell matching of the Cu|MnPd|Py|MnPd|Cu system and the definition of the angle
¢. (c) Energy pumping rate as a function of the scattering-region length L for the Cu|Py|Cu system and the corresponding linear fit.

Before constructing the composite system, we cali-
brate the computational approach using the Cu|Py|Cu sys-
tem (not shown). The electronic structure is obtained within
the tight-binding linear-muffin-tin-orbital method,**! and the

scattering matrix is computed with a first-principles wave-

function-matching scheme. 331 Following the spin-pumping
and scattering-matrix framework of Refs. [30,31], we ex-
tract the damping enhancement from the length dependence
of the energy pumping rate. As shown in Fig. 2(c), a lin-

ear fit to the energy pumping rate of the pure Cu|Py|Cu sys-
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tem as a function of the scattering-region length L yields a
damping factor apy = (0.465 £0.003) x 1072 and an inter-
cept of (4.8940.02) x 1072 (nm). The slope agrees with
the previously reported value (0.46 +0.02) x 1072361 and
benchmarks the intrinsic damping of the Py alloy. The in-
tercept represents the interface-related spin-pumping contribu-
tion in the reference Cu|Py|Cu system and serves as the base-
line for later comparisons. In the subsequent calculations for
the Cu|MnPd|Py|MnPd|Cu composite system, we use a con-
strained linear fit with a fixed slope, namely, a fixed intrinsic
damping o = Qpy, and extract only the intercept variation.
This procedure isolates the intrinsic damping contribution, so
any change in the intercept directly reflects the modulation of
spin-pumping damping by the Néel order.

3.2. Damping results

To elucidate how the antiferromagnetic order modulates
ferromagnetic damping, we consider two limiting cases of
coupling between the FM and AFM. In the first, the FM
magnetization m and Néel order n = m| — my (where m;
and my, are the two sublattice moments) are strongly ex-
change coupled and their magnetic moments rigidly co-rotate,
schematically shown as configurations 1 and 2 in Fig. 3(a),
while the corresponding damping results are shown as the gray
and orange curves in Fig. 3(b).

For the strong-coupling cases [configurations 1 and 2],
the angle @, measured from the [100] axis, is varied from 0° to
180° in 15° steps within the (001) and (100) planes. Specif-

(a) Py x[100] MnPd

m

()
m
N\
I
1 {010

Izl 1[010)

x[100]

ically, in configuration 1, m and n are parallel (m || n) and
co-rotate within the (001) plane. The perturbation 7in is ap-
plied along the [001] direction perpendicular to the rotation
plane. The pumped spin-current polarization I5 o< m x 71 lies
in the (001) plane and is perpendicular to m, so that Iy L n.
In configuration 2, the rotation plane is changed to (100), i
lies along the [100] direction, and I lies in the (100) plane.
The relation Iy | n still holds. No appreciable angular de-
pendence is observed for either rotation plane. The system
displays an isotropic damping, consistent with the magnetic
isotropy inferred from the band-structure calculations.

In the decoupled regime, where the interlayer coupling
is weak, the ferromagnetic and antiferromagnetic moments
evolve independently. We first examine the limiting case in
which the pumped spin-current polarization is always parallel
to the Néel vector. We realize this case in two ways. In config-
uration 4, n || [001] is fixed, m rotates within the (001) plane,
i lies in the (001) plane and perpendicular to m, and I
points along the [001] direction, which is parallel to n (I || 7).
In configuration 5, m and n co-rotate within the (001) plane
while keeping m L m. The perturbation 7iv is applied along
the [001] direction, and I is perpendicular to m and paral-
lel to n (Is || »). In both configurations, @ is swept from
0° to 180°. The damping enhancement indicated by the red
and blue symbols in Fig. 3(b) is close to zero in both cases,
which demonstrates that spin-current absorption by the AFM
is strongly suppressed when the spin-current polarization is
parallel to the Néel vector.

Py, x[100] MnPd
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m
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Fig. 3. (a) Schematic illustrations of the Néel order, magnetic moment, moment perturbation, and spin-current directions for configurations 1—
5. (b) Damping enhancement as a function of the FM magnetization angle ¢ for configurations 1-5, together with a cosine-series fit for
configuration 3 (green dashed line). The color code is gray for configuration 1, orange for configuration 2, green for configuration 3, red for

configuration 4, and blue for configuration 5.

Next, we consider a configuration that continuously in-
terpolates between the two limiting cases. In configuration 3
[green curve in Fig. 3(b)], n || [100] is fixed, m rotates within
the (001) plane with @ measured from [100], 7iz lies along
the [001] direction, and I lies in the (001) plane perpendicu-
lar to . The angle between I and n is therefore 7/2 + ¢.
The damping enhancement reaches its maximum at ¢ = 0° and

180°, coinciding with configurations 1 and 2, and its minimum
at @ = 90°, coinciding with configurations 4 and 5. The angu-
lar dependence shows a pronounced twofold symmetry with a
weaker fourfold component. Fitting the data with

D = Do+ D;cos2(@+ @) +Dycosd(Q + ¢4)
+Dgcos6(¢ + @g) + Dsgcos8(¢ + ¢s) €))
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yields D, = (2.8140.02) x 1072, D, = (1.06+0.02) x 1072,
Dg = (3.5+0.2) x 1073, and Dg = (1.0£0.2) x 1073, with
all values given in units of nanometers. Among these terms,
D, and D4 have well-defined physical origins: the dominant
twofold component D, arises from the vector structure of
the spin-transfer torque [Eqs. (2) and (3)] and confirms the
cos? ¢ dependence, while Dy is attributed to the fourfold in-
plane crystalline anisotropy of L1o-MnPd along the transport
direction. A pronounced fourfold damping anisotropy has
also been observed experimentally in epitaxial manganite thin
films, where it was discussed in terms of crystalline symme-
try, orientation-dependent spin—orbit coupling, orbital degrees
of freedom, and defect-related scattering.!*’! This supports
the assignment of the D4 component to symmetry-allowed
anisotropic spin relaxation rather than to a purely numerical
fitting artifact. The weaker Dg and Dg terms are retained as
higher-order Fourier components of the complete heterostruc-
ture response. We truncate the expansion at Dg because in-
cluding still higher harmonics (Djg and above) leaves D>
and D4 unchanged within their error bars, indicating that the
cosine-series expansion has converged.

The observed twofold angular dependence can be derived

e.[3038] For a small-

directly from the spin-pumping pictur
angle precession, the pumped spin current satisfies IL""F oc
m X 10, SO its polarization is always perpendicular to the in-
stantaneous FM magnetization and follows the tangent of the
precession trajectory. In configuration 3, the Néel vector is
fixed along [100] while the FM magnetization rotates in the
(001) plane, so the angle between the spin-current polariza-
tion and the Néel vector is /2 + ¢. The spin-transfer torque

acting on the AFM is then

TSTT < 1 X (IS X ’I’L)

= 2[my x (Iy x my) +my X (Iy x my)]
(T
oc | I |sin (E—HP)’ 2)

where m, m,, and n are defined as before. The spin-transfer
torque enters the LLG equation as an additional contribution

(251 while

to the magnetization rate of change, 1|stT < TSTT,
the energy dissipation rate associated with magnetization dy-
namics is quadratic in iz, E = (oMsV o/ y) |rin|?, as follows
directly from the Gilbert form of the LLG equation.!!:!?! The

associated dissipation therefore scales as
: 2 22T 2 2
Estr < |TSTT| o< I3 sin (E + (P) =1I{cos” @, 3

which reproduces the dominant twofold component observed
in configuration 3. The damping is governed by the vector
structure of the spin-transfer torque, so spin-current absorp-
tion is maximal when the pumped spin-current polarization is
perpendicular to the Néel vector and minimal when it is par-
allel. Accordingly, the damping enhancement at ¢ = 0° and

180° coincides with that of configurations 1 and 2, whereas
the minimum at ¢ = 90° agrees with the results of configura-
tions 4 and 5. The five configurations are mutually consistent
and demonstrate that the damping enhancement is controlled
mainly by the dissipation of the spin current pumped from the
FM into the AFM rather than by the absolute orientation of the
Néel order itself.

In summary, these results establish a perpendicular ab-
sorption and parallel reflection picture. When the spin-current
polarization is perpendicular to the Néel vector, the AFM
serves as an efficient spin sink that rapidly dissipates spin
angular momentum, resulting in a pronounced damping en-
hancement. When the spin-current polarization is parallel to
the Néel vector, spin accumulation builds up on the side of the
interface adjacent to the AFM and generates a strong backflow
spin current. This backflow suppresses the net spin-current in-
jection and markedly reduces the damping enhancement.

The applicability of this picture beyond the present
collinear metallic MnPd system should be considered with
care. For more complex systems based on AFMs, the de-
tailed angular dependence is not expected to coincide with
that of L1p-MnPd. (i) In noncollinear metallic AFMs such
as IrMn3 or Mn3Sn, the total damping response requires
a vector summation of the STTs over all magnetic sublat-
tices, so the resulting symmetry depends jointly on the mag-
netic structure, the film orientation, uncompensated moments,
and interfacial disorder, as illustrated by the fourfold damp-
ing anisotropy reported in CoFeB /IrMnj bilayers.!>*! (ii) In
polycrystalline AFMs such as FeMn or IrMn, the measured
anisotropy further averages over grain orientations and do-
main distributions, which accounts for both the smooth an-
gular dependence in NiFe/Cu/FeMn spin valves!*®! and the
abrupt changes within fixed angular intervals in exchange-
spring Pt/FeMn/FeNi films.?>! (iii) In insulating AFMs such
as CoO or NiQO, itinerant electrons cannot traverse the AFM,
so the scattering-matrix STT mechanism considered here is
no longer applicable and the damping must instead be ana-
lyzed in terms of the interfacial spin-mixing conductance and
magnon-mediated spin transport, consistent with the Néel-
orientation-insensitive Fe damping observed in Py/CoO/Ag/Fe
heterostructures.!?’! In addition, strong interfacial spin—orbit
coupling can introduce Rashba-type torques and spin-memory
loss that superpose on the STT-driven response. More
broadly, spin-transfer torque and chiral interactions such as the
Dzyaloshinskii—Moriya interaction have also been shown to
engineer nonreciprocal spin-wave damping and polarization in

5,14 illustrating the wider relevance of

ferromagnetic system
torque-controlled damping in magnonic devices. These fac-
tors may modify the Fourier coefficients, shift their phases, or
introduce extra angular components, but they do not affect the

central conclusion of the present MnPd/Py study, namely that
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the dominant damping modulation originates from the relative
orientation between the pumped spin-current polarization and
the Néel vector.

We then turn to the experimental relevance of these con-
figurations. Configurations 1 and 2 can be regarded as ideal-
ized strong-coupling limits of exchange-biased or exchange-
spring FM/AFM bilayers, where interfacial or rotatable anti-
ferromagnetic moments can be partially dragged by the FM
magnetization.!?>3%401 Configuration 3, in which m rotates
freely while n is pinned along an easy axis by a strong uniax-
ial anisotropy or by a field-cooling procedure, is closer to epi-
taxial L1o-MnPd or MnPt heterostructures with a well-defined
uniaxial anisotropy, and is consistent with the angular depen-
dence reported by Polishchuk er al. in NiFe/Cu/FeMn spin
valves.!?%! Configurations 4 and 5 are idealized limits designed
to isolate the case in which the pumped spin-current polariza-
tion is parallel to n. They are difficult to realize directly in
experiments but serve as useful theoretical references.

Having clarified the experimental relevance of the five
magnetic configurations, we finally comment on the use of the
symmetric heterostructure in our calculations. If the symmet-
ric Cu|MnPd|Py|MnPd|Cu geometry is relaxed to an asym-
metric Cu/MnPd|Py|Cu stack, one of the two MnPd|Py inter-
faces is replaced by a Cu|Py interface. Because the angular
dependence established above is a local property of a single
MnPd|Py interface, removing one such interface is expected
to preserve the cos” ¢ dominance and the relative weight of
Dy, while the absolute magnitudes of D; and D4 are roughly
halved. The additional Cu|Py interface contributes mainly
a @-independent term to Dy. This expectation is consistent
with the experiment of Polishchuk et al.*%! on NiFe/Cu/FeMn
spin valves, an asymmetric stack that nevertheless exhibits
the same cos” @-type angular dependence with the damping
maximized for spin-current polarization perpendicular to the
Néel vector. The key conclusions of this work are there-
fore expected to remain qualitatively unchanged in asymmet-
ric Cu|MnPd|Py|Cu heterostructures.

3.3. Further tests

To test whether the above conclusions remain valid in re-
alistic systems, we introduce two categories of perturbation:
thermal disorder and interface disorder. Thermal disorder is
further divided into spin disorder and lattice disorder. To fo-
cus on how the Néel order affects spin-current absorption and
to enable a direct comparison with the ideal case, the spin
disorder is applied only to the MnPd layer in configuration 3
[green curve in Fig. 3(b)]. As shown in Fig. 4(a), the results
are obtained for ¢ = 45° (filled circles) and ¢ = 90° (open
circles). In both cases, stronger spin disorder, reflected by a
smaller (M) /M, leads to a modest increase in the damping
enhancement. The omission of ferromagnetic spin fluctuations

in Fig. 4(a) is justified on two grounds: (i) ferromagnetic spin
fluctuations would contribute mainly to the slope of the linear
fit in Fig. 2(c), i.e., to the intrinsic damping o, rather than to
the intercept that is the focus of our analysis. >3l Moreover,
Starikov et al. showed that spin disorder produces only a weak
change in the damping parameter of NiggFeyg even for siz-
able rms rotations of the local magnetic moments; 3% and (ii)
the pumped spin current ID""™" o m x ri2 follows the macro-
scopic Py magnetization, so small ferromagnetic fluctuations
only rescale |I5| without altering its direction, while the an-
gular dependence — set by the relative orientation of I and
n through Egs. (2) and (3) — is insensitive to such fluctua-
tions. Ferromagnetic spin fluctuations therefore do not affect
our conclusion of Néel-order-controlled damping anisotropy.
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Fig. 4. (a) Damping enhancement as a function of (M)/M; at ¢ = 45°
(filled circles) and ¢ = 90° (open circles). (b) Damping enhancement
as a function of temperature (lattice disorder) at ¢ = 45° (filled circles)
and @ = 90° (open circles). (c) Schematic of the MnPd|Py interface dis-
order. (d) Damping enhancement as a function of the interface disorder
degree at ¢ = 45° (filled circles) and ¢ = 90° (open circles).

For the lattice disorder, which is likewise applied only to
the MnPd layer, the disorder strength is characterized by the
root-mean-square atomic displacement A. The two disorder
strengths A/a = 0.024 and 0.048 are related to temperature
through the Debye temperature @p = 377 K of MnPd[*!l via

on* ([ T* [o/T 1
A= —/ dx+ - 4
Mks6p (@5 o e—1 x+4>’ @

which gives A /a = 0.024 and 0.048, corresponding to temper-
atures of 27 K and 383 K, respectively. As shown in Fig. 4(b),
lattice disorder has no appreciable effect on the spin-pumping-
dominated damping enhancement. Although finite tempera-
ture enhances scattering in the system, its contribution to spin-
current dissipation is limited. Its effect is much weaker than
the spin-transfer-torque modulation induced by changes in the
magnetic-moment orientation, and is also smaller than that of
spin disorder.

Finally, we introduce interface disorder to simulate

atomic intermixing at realistic interfaces. ~As shown in
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Fig. 4(c), a specified number of interface atoms are randomly
selected and swapped with atoms at random positions in the
adjacent layer. The same procedure is applied symmetrically
to both MnPd|Py interfaces of the Cu|MnPd|Py|MnPd|Cu het-
erostructure, so that both interfaces share the same disorder
concentration. For each disorder concentration, five indepen-
dent random samples are generated, and the reported damping
enhancement is the average over these five samples. The cor-
responding error bars represent the standard deviation among
them. Figure 4(d) presents results for ¢ = 45° (filled cir-
cles) and ¢ = 90° (open circles). As the disorder increases,
that is, as a larger fraction of Mn atoms are exchanged with
atoms in the Py layer, both sets of damping enhancement rise
modestly. This behavior arises because atomic interdiffusion
disrupts the ideal translational symmetry of the interface and
enhances spin-dependent scattering. This picture is also con-
sistent with first-principles studies showing that lattice mis-
match and interface alloying strongly enhance interfacial spin-

42,43

memory loss, 4% thereby modifying the spin-current trans-

mission across the interface. Nevertheless, even in the ex-
treme case of 50% atomic exchange, the change in damping
enhancement remains limited. This indicates that Néel-order-
dependent angular-momentum dissipation still dominates the
damping enhancement of the system.

We next examine how the damping enhancement depends
on the MnPd layer thickness. As shown in Fig. 5, we take
¢ = 45° as a representative case. Configurations 1 (gray
squares) and 3 (green circles) are both calculated for 11, 5,
and 2 atomic layers of MnPd. Both sets are extended to the
limiting case of a single Mn monolayer, indicated by dashed
lines. For configuration 1, the damping enhancement remains
relatively stable from 5 to 11 layers and increases only slightly
when the system is thinned to a single Mn monolayer. For con-
figuration 3, the damping enhancement increases significantly
as the MnPd thickness decreases and reaches a maximum in

the single-Mn-monolayer limit.
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Fig. 5. Damping enhancement at ¢ = 45° for configuration 1 (gray squares)
and configuration 3 (green circles) as a function of the number of MnPd
atomic layers. Solid lines connect the results for 2 to 11 atomic layers.
Dashed lines extend to the limiting case of a single Mn monolayer.

The contrasting thickness dependences originate from the
different responses of the Mn layers to the spin current in the

two configurations. In this heterostructure, the spin current
pumped from Py dissipates through two channels, namely ab-
sorption by the Mn sublattice within MnPd and transmission
through MnPd into the semi-infinite Cu electrode, which acts
as a perfect spin sink. The Pd layers provide no dissipation
channel and mainly reflect the incident spin current back to-
ward the FM, where the reflected part no longer contributes
to the damping enhancement. In configuration 1, the short

spin-diffusion length in MnPd!'8!

concentrates the Mn absorp-
tion within the first few layers next to the Mn|Py interface, so
five layers of MnPd already absorb essentially all the spin cur-
rent entering MnPd. Additional layers beyond this thickness
merely act as redundant Pd reflectors or lie outside the active
spin-diffusion region, and the damping enhancement therefore
saturates between 5 and 11 layers. When MnPd is further
thinned to 2 layers or the single-Mn-monolayer limit, the re-
duced number of Pd reflectors allows part of the spin current to
traverse MnPd and reach the opposite Cu electrode, converting
the reflection-back-to-FM channel into an escape-into-Cu dis-
sipation channel and slightly enhancing the damping. In con-
figuration 3, the angle between the spin-current polarization
and the Néel vector changes from 90° to 135° relative to con-
figuration 1, making the Mn layers more reflective to the spin
current and weakening the effective spin absorption. When the
MnPd layer is thinned, the reduction in the number of Pd lay-
ers, together with the enhanced Mn reflectivity, strongly short-
ens the multiple-reflection path of the spin current within the
AFM. This substantially increases the net spin current, so the
damping enhancement grows much more strongly than in con-
figuration 1. The same Pd-reflection/Cu-electrode-dissipation
picture accounts for this stronger thickness dependence: the
higher Mn reflectivity makes the reflection-back-to-FM chan-
nel more dominant in configuration 3, so removing Pd reflec-
tors releases a larger fraction of the spin current into the Cu
electrode. In the single-Mn-monolayer limit, the Pd reflec-
tor layers are completely absent, and the spin current is no
longer reflected back into the AFM interior. Instead, it enters
the Cu electrode directly and dissipates at infinity, yielding the
maximum damping enhancement. The thickness dependences
of both configurations therefore confirm that the damping en-
hancement originates from the additional angular-momentum
dissipation induced by spin pumping.

We then test whether the angular dependence survives
when the AFM and FM are separated by a Cu spacer. For
configuration 3, we insert a 2-layer Cu spacer between the
AFM and FM and compute the full angular dependence from
¢ = 0° to 180°. The results are shown as black data points in
Fig. 6(a). For comparison, the result of configuration 3 with-
out a Cu spacer is replotted. After Cu insertion, the system
still exhibits a pronounced angular dependence, and the over-
all behavior remains qualitatively consistent with the original
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configuration 3. This agrees with the experimental observation
by Polishchuk e al. in a NiFe/Cu/FeMn spin valve, where the
angular dependence of the damping survives through the Cu
spacer./?®l That experiment also found that the damping en-
hancement is maximized when the spin-current polarization is
perpendicular to the Néel vector.

Our first-principles calculations reveal the microscopic
origin of this behavior. The vector structure of the spin-
transfer torque dictates that the AFM can efficiently dissi-
pate angular momentum only when the pumped spin cur-
rent is perpendicular to the Néel vector. Fitting with Eq. (1)
(dashed line in the figure) yields D = (1.7440.01) x 1072,
Dy=(5.240.1)x 1073, Dg = (1.640.1) x 1073, and Dg =
(0.4+0.1) x 1073, with all values given in units of nanome-
ters. These values are consistent with the earlier configura-
tion 3 results: the twofold component remains dominant, and
the higher-order terms are small. Notably, the damping en-
hancement at ¢ = 0° decreases significantly relative to other
angles. This is because inserting the Cu spacer replaces the
original MnPd|Py interface with a Cu|Py interface, which al-
ters the interface structure and modifies the spin-flip probabil-
ity. Even so, efficient spin-transport channels remain in the Cu
layer, allowing the spin current to traverse the spacer and reach
the MnPd spin sink. The damping-enhancement intercept after
Cu insertion is (4.18 =0.04) x 10~ (nm), close to the value
(4.89+0.02) x 1072 (nm) calculated for the Cu[Py|Cu system
[Fig. 2(c)]. This confirms that the observed change originates
from the modified interface structure.
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Fig. 6. (a) Angular dependence of the damping enhancement for config-
uration 3 with a 2-layer Cu spacer inserted (black circles with dashed-
line fit), compared with the configuration 3 result without a Cu spacer
(green circles with dashed-line fit). Yellow and purple circles mark the
data points at ¢ = 15° and ¢@ = 60°, respectively. (b) Damping en-
hancement as a function of the number of Cu spacer layers at ¢ = 15°
(yellow) and ¢ = 60° (purple).

To test the thickness effect of the Cu spacer layer, we then
choose ¢ = 15° and ¢ = 60° as two representative angles,
marked by yellow and purple circles in Fig. 6(a). For these two
angles, we compute the damping enhancement after inserting
1, 2, and 8 Cu spacer layers, as shown in Fig. 6(b). At ¢ = 15°
(yellow), the damping enhancement decreases with increasing
Cu thickness and then saturates. Cu is a weak spin absorber,
whereas MnPd is an efficient spin-dissipation layer. As a re-
sult, the spin current accumulates in the Cu layer and generates

a spin backflow. With increasing Cu thickness, both the spin

accumulation and the backflow current grow, which reduces
the net spin current reaching the MnPd layer and thus lowers
the damping enhancement.3] At ¢ = 60° (purple), the damp-
ing enhancement is nearly insensitive to the Cu thickness. In
this case, the spin-current polarization is nearly parallel to the
Néel vector, so MnPd absorption is strongly suppressed and
reflection dominates. Although the additional interfaces intro-
duced by the Cu spacer can generate extra interfacial spin-flip

42431 thereby modifying the

scattering and spin-memory loss, !
effective spin transmission across the spacer stack, the damp-
ing enhancement itself is small. The corresponding effect is

therefore negligible.

4. Conclusion

In this work, we combined spin-pumping theory with
the first-principles scattering-matrix method to investigate
how the L1p-MnPd AFM layer modulates the damping
of an adjacent Py layer in the symmetric heterostructure
Cu|MnPd|Py[MnPd|Cu.
damping enhancement depends sensitively on the angle be-

Our results demonstrate that the

tween the pumped spin-current polarization and the Néel vec-
tor. When the spin-current polarization is perpendicular to
the Néel vector, the AFM absorbs angular momentum effi-
ciently and the FM damping is substantially enhanced. When
the polarization is parallel to the Néel vector, spin accumu-
lation and backflow suppress the net spin-current injection,
markedly reducing the damping enhancement. Quantitatively,
the angular dependence exhibits a dominant twofold symme-
try (D3), which can be attributed to the vector structure of the
spin-transfer torque, and a weaker fourfold component (Dy),
which arises from the fourfold crystalline anisotropy of MnPd
along the transport direction. Additional tests involving Cu-
spacer insertion, MnPd thickness variation, and several forms
of disorder — including spin, lattice, and interface disorder
— confirm the robustness of this mechanism. These results
identify the Néel order as a new degree of freedom for tuning
FM damping and provide a theoretical foundation for design-
ing AFM-based spintronic devices with controllable damping.
We emphasize that the present conclusions are obtained for
the specific case of a metallic and collinear AFM, L1p-MnPd,
treated within the first-principles scattering-matrix framework
combined with spin-pumping theory. Their extension to non-
collinear or insulating AFMs, or to systems with strong inter-
facial spin—orbit coupling, may require additional considera-
tions and is left for future study.

Appendix A: Discussion of Pd magnetic moments
in MnPd

Whether Pd atoms carry a magnetic moment in Llg-

MnPd has been discussed in the literature. Krén and
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Sélyom!?8] studied the antiferromagnetic structure of MnPd
by neutron diffraction and obtained a Mn sublattice moment
of Uym = 4.4+£0.4 ug and a Néel temperature of Ty = 813 &
10 K. They further noted that the exchange interaction at the
Pd site vanishes, so any Pd moment can arise only from much
weaker anisotropic interactions. The Pd moment should there-
fore be negligibly small, and they adopted upq =~ 0 in their
diffraction analysis. Yamada et al. performed GGA-LMTO-
ASA first-principles band-structure and total-energy calcula-
tions for CuAu-I-type MnPd.*3! Among the candidate mag-
netic orderings, including FM and three AFM arrangements,
the lowest total energy corresponds to a configuration with
a Mn moment of 3.28 up, antiferromagnetic alignment be-
tween Mn atoms, and a vanishing Pd moment. The result-
ing equilibrium lattice constants, a* = a/ V2 2289 A and
c~3.60 A, agree well with the values a* ~ 2.88 A and
c~358A adopted here. In contrast, the FM state can induce
a Pd moment of about 0.31 ug, but its total energy is higher
than that of the ground state by 12.5 mRy /f.u. and is therefore
not competitive. 3!

To further assess the effect of the Pd magnetic moment on
the stability of MnPd, we compute the electronic structure and
total energy for two magnetic structures in which the Pd atoms
carry finite moments (denoted structures B and C). We com-
pare them with the ground-state magnetic structure discussed
in the main text, in which the Pd moment vanishes. As shown
in Fig. Al, the band dispersions of structures B and C dif-
fer markedly from those of the ground-state configuration in
Fig. 1. Band crossings and near-degeneracies near the Fermi
level undergo pronounced splitting and rearrangement. The
overall number and distribution of bands also change. This re-
flects the fact that different magnetic structures correspond to
different magnetic translation symmetries, which modify the
magnetic unit cell, band folding, and the allowed hybridiza-
tion channels.

Total-energy calculations show that, taking the ground-
state configuration (Néel order along x) as the reference, struc-
tures B and C are higher in energy by approximately 10! eV.
This is far larger than the 1072 eV-scale energy differences
caused by rotating the Néel-vector direction within the same
magnetic structure. Meanwhile, the density-of-states calcula-
tions reveal a significantly increased spectral weight near the
Fermi level in structures B and C. This pronounced change is
consistent with a much less stable electronic configuration and
with the substantially higher total energies of these two states.

(28] concluded from neutron diffraction that

Krén and Sélyom
the exchange interaction at the Pd site vanishes and therefore
assumed Wpgq ~ 0. Yamada ef al.>3] reached the same conclu-
sion from first-principles calculations. Our total-energy calcu-
lations further support this picture: finite-Pd-moment configu-

rations are higher in energy by approximately 10! eV, confirm-

ing that such configurations do not represent the ground-state
magnetic structure of L1y-MnPd.
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Fig. Al. Band dispersion and density of states for magnetic structures B

(a) and C (b), in which the Pd atoms carry finite magnetic moments.

Compared with the ground-state structure [Figs. 1(a)-1(c)], the band

topology near the Fermi level is significantly altered.
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