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Abstract
To develop new devices based on synthetic
ferrimagnetic (S-FiM) heterostructures, under-
standing the material’s physical properties is
pivotal. Here, the induced magnetic moment
(IMM), magnetic exchange-coupling, and spin
textures were investigated at room-temperature
in Pt/Co/Gd multilayers using a multiscale ap-
proach. The magnitude and direction of the
IMM were interpreted experimentally and the-
oretically in the framework of both X-ray mag-
netic circular dichroism (XMCD) and density
functional theory (DFT). The results demon-
strate that the IMM transferred by Co across
the Gd paramagnetic (PM) thickness leads to a
flipped spin state (FSS) within the Gd layers,
in which their magnetic moments couple an-
tiparallel/parallel with the ferromagnetic (FM)
Co near/far from the Co/Gd interface, respec-
tively. For the Pt, in both Pt/Co and Gd/Pt in-
terfaces the IMM follows the same direction as
the Co magnetic moment, with negligible IMM
in the Gd/Pt interface. Additionally, zero-field
spin spirals were imaged using scanning trans-

mission X-ray microscopy (STXM), while mi-
cromagnetic simulations employed to unfold the
interactions stabilizing the FiM configurations,
where the existence of a sizable Dzyaloshinskii-
Moriya interaction is demonstrated to be cru-
cial for the formation of those spin textures.
Our outcomes may add fundamental physical
and technological aspects for using FiM films
in antiferromagnetic spintronic devices.

Introduction

Interface-induced properties in thin films and
multilayers have been considered to play an
important role in different processes, includ-
ing spin transport, interfacial anisotropy, topo-
logical superconductivity, and proximity ef-
fect.1–4 The latter is known for transferring elec-
tronic properties to other materials where it
is not present themselves. For instance, the
surface/interface of a certain material with-
out electronic order may acquire superconduc-
tivity and ferromagnetism in contact with su-
perconductors or ferromagnets, respectively.5–9

So far, particularly, induced magnetic mo-
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ment (IMM) has been investigated mostly in
ferromagnetic/non-magnetic interfaces, where
the magnetization of 3d transition metals (Co,
Fe, Ni) induces a magnetic polarization in 4d
(Pd), 5d heavy metals (W, Ir, Pt) when they
are thin and in proximity.10,11

Only in the last few years, IMM has gathered
more attention in ferrimagnetic systems12–14

due to the advantages of several magnetic pro-
cesses compared to the correlative ferromag-
netic, as exemplified by all-optical switching
(AOS),15,16 suppression of skyrmion Hall ef-
fect,17,18 faster domain wall motion19 and THz
dynamics.20,21 Single shot pulsed laser with a
few picosecond time scale driving magnetiza-
tion reversal and topological spin textures nu-
cleation such as skyrmions has been observed in
ferrimagnetic films even without the assistance
of magnetic fields.22–26 These mechanisms place
ferrimagnets as an energy-efficient material for
nonvolatile ultrafast toggle switching to develop
antiferromagnetic spintronics devices.27–29

Thin films and multilayers composed of Co
and Gd alloy or bi-layers made of Co/Gd are ex-
amples of ferrimagnetic coupling where the Co
3d transition metal and Gd 4f rare-earth mag-
netic moments may align antiferromagnetically
concerning each other depending on the com-
position and temperature.30 This antiparallel
alignment emerges due to an indirect negative
exchange played by the bridge role, which essen-
tially means that the Gd 5d and 4f magnetic
moments are parallel via direct exchange (or via
a polarizing field generated by the localized f -
states, when they are theoretically treated as
part of the core), however, are antiparallel to
the Co 3d magnetic moments through the hy-
bridization of the itinerant 5d− 3d states.31

When Pt is added as an under/over layer
in CoGd alloys or Co/Gd bi-layer, its IMM
physical understanding remains under debate.
Pt is a heavy paramagnetic material with an
electronic band structure that may satisfy the
Stoner criterion to acquire ferromagnetic or-
der. Therefore, Pt does not exhibit sponta-
neous magnetic polarization, except when oc-
curs size reduction or proximity with a ferro-
magnetic material.32,33 Besides, an important
question arises about the magnetic polarization

for Pt in contact with rare-earth elements such
as Gd, which calls attention to the role played
by Gd-Pt (5d− 5d and 4f − 5d) interaction in
transferring IMM. To quantify the IMM and its
implication on the interfacial magnetic proper-
ties of various phenomena occurring in multi-
layered materials, advanced experimental tech-
niques with chemical selectivity in combination
with theoretical models are key tools to iden-
tify the direction, magnitude, and effects of the
IMM.

In this work, element-resolved magnetic mo-
ment was probed in Pt/Co/Gd heterolayers.
By means of XMCD, magnetic moments were
detected individually for each element. IMM
transferred from Co to Pt and Gd was mea-
sured at room-temperature. From the average
XMCD signal, experimentally, both magnetic
moments in the Co and Pt are aligned paral-
lel with the external magnetic field direction.
On the other hand, the magnetic polarization
in the Gd is anti-parallel with respect to the
magnetic field. Using well-known sum rules the
magnitude of the orbital and spin magnetic mo-
ments were experimentally determined, and to
compare with theoretical values, density func-
tional theory was employed. The theoretical
results resolved layer-by-layer for each element
show that the IMM in the Gd layer near the
Co/Gd interface is coupled antiferromagneti-
cally with the Co, whereas the Gd layers far
from the Co/Gd interface are coupled ferromag-
netically. Thus, herein this behavior designated
as a flipped spin state (FSS) stands as an inter-
face effect where an antiferromagnetic coupling
occurs between interfacial Co and Gd atoms.
This contrasts with the ferromagnetic configu-
ration observed within the Gd below the Curie
temperature in the absence of Co, in which
FSS does not appear. This theoretical achieve-
ment of FSS within the Gd layer is further re-
inforced by comparing the average experimen-
tal and theoretical magnetic moments. In ad-
dition, scanning transmission X-ray microscopy
reveals the formation of antiferromagnetic cou-
pled spin spirals as the magnetic configurations
at the nanoscale in the multilayer. Micromag-
netic simulations were performed to reproduce
the experimental images and understand the
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energy landscape leading to such spin textures.

Results and Discussions

Room-temperature magnetism in
Pt/Gd and Pt/Co multilayers. Hys-
teresis loops were measured for the two ref-
erence multilayers Pt(1nm)/Gd(1nm) and
Pt(1nm)/Co(1nm), see Figure 1(a) and (e)
using a vibrating magnetometer sample (VSM)
with an applied magnetic field along the out-of-
plane direction. In Figure 1(b), magnetization
reversal acquired for the Pt(1nm)/Gd(1nm)
multilayer shows a typical behavior of a para-
magnetic material, where the magnetization
slowly increases for higher magnetic fields, but
does not reach saturation. This is expected for
the Pt/Gd multilayer, since Gd bulk is param-
agnetic above 292 K, whereas the Curie tem-
perature might be even lower for thin Gd films.
To confirm the paramagnetic nature of the Gd
film, element-specific X-ray absorption spec-
troscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) were performed at room-
temperature using a superconducting magnet
installed at the Planar Grating Monochroma-
tor (PGM) beamline of the UVX Brazilian
Synchrotron Light Laboratory (LNLS) of the
Brazilian Center for Research in Energy and
Materials (CNPEM).

XAS was acquired with the incoming X-ray
and magnetic field of 1 T normal to the sample
surface. The signal was detected in the total
electron yield (TEY) mode. Figure 1(c) shows
two X-ray spectra acquired with right (µ+) and
left (µ−) circularly polarized X-ray. It shows
no dependence of the XAS intensity to the X-
ray polarization (µ+, µ−). In Figure 1(d), the
resultant XMCD ((µ+) - (µ−)) shows a typical
derivative signal (asymmetric line shape) con-
firming that the Gd present in the Pt/Gd mul-
tilayer is not ferromagnetic at ambient condi-
tions.

Hysteresis loops were then acquired for the
Pt(1nm)/Co(1.5nm), as shown in Figure 1(f).
As expected, it shows a magnetization reversal
characteristic of Pt/Co perpendicular multilay-
ers. Even so, XAS and XMCD were also ac-
quired at room temperature to obtain the indi-

Figure 1: Reference multilayers Pt/Gd (a) and
Pt/Co (e). In (b) for Pt/Gd the hysteresis
loops show a paramagnetic behavior at room-
temperature confirmed by the XAS (c) and
XMCD (d). In (f), hysteresis loops performed
for Pt/Co show magnetization reversal typi-
cal of a perpendicularly magnetized multilayer,
which is confirmed by the XAS (g) and XMCD
(h).

vidual magnetism of the Co, where can be seen
the dependent X-ray absorption for the X-ray
polarization in Figure 1(g). In Figure 1(h), the
resultant XMCD points downwards/upwards
around the L3 and L2 absorption edges, cor-
respondingly. Therefore, at room-temperature,
the Pt/Gd multilayer is paramagnetic while the
Pt/Co is ferromagnetic. It is worth anticipating
that simulations for the Pt/Co/Pt multilayers
were performed to establish the methodology
used for comparing theoretical and experimen-
tal results since this system is well-known in
the literature.34,35 Through first-principles cal-
culations and atomistic spin dynamics (ASD),
a good agreement for the atomic Co magnetic
moment was obtained (for more details, see SI).

Induced magnetic moment in rare-earth
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Figure 2: Sample stack, hysteresis loops, and XAS/XMCD measurements. In (a), a schematic
representation of the Pt/Co/Gd heterolayer, corresponding to one stacking unit (to be repeated
10×). In (b) the hysteresis loops are acquired for both in-plane (IP) and out-of-plane (OOP)
magnetic fields. In (c) and (d) the XAS acquired for right and left circularly polarized X-rays
around the Co and Gd absorption edges, respectively. In (e) and (f) the resultant XMCD for Co
and Gd.

Gd layers. The IMM was investigated in rare-
earth Gd by introducing a thin Co (1.5 nm)
thickness, thus forming a Pt/Co/Gd multilayer.
X-ray diffraction was measured to investigate
the structural growth of the sample. The films
were grown in the textured [1 1 1] direction, as
shown in Figure S1 in the Supporting Informa-
tion (SI). Figure 2(a) shows a schematic repre-
sentation of the Pt(1nm)/Co(1.5nm)/Gd(1nm)
stack. The three-layers were repeated 10 times,
thus above Gd there is Pt forming Pt/Co and
Gd/Pt interfaces in the heterostructure. XAS
and XMCD were performed for the Co, Gd,
and Pt layers. Figure 2(b) shows the hysteresis
loops acquired with in-plane and out-of-plane
magnetic fields. From the reversal magnetiza-
tion driven by the magnetic field is possible
to infer that the heterostructure exhibits per-
pendicular magnetic anisotropy (PMA). Figure
2(c) depicts clearly the dependent XAS con-
cerning the X-ray polarization acquired around
the L2,3 Co absorption edges and, in Figure
2(e), its respective XMCD. As it was observed
for the reference Pt/Co multilayer the XMCD
also points down/up around the L3 and L2

edges.

The same measurement was carried out for
the Gd to investigate if the IMM is coming from
the proximity with the Co layer. Figure 2(d)
shows the spectra acquired around the M5,4

Gd edges when the Gd is in contact with the
1.5 nm Co layer. Contrary to the observed in
the Pt/Gd multilayer, the spectra show depen-
dent absorption of opposite X-ray polarization,
which is confirmed by the XMCD shown in Fig-
ure 2(f). Moreover, opposite to the observed in
the Co layer, the average XMCD points down-
wards/upwards around the M5,4 Gd edges. This
means that the average Co and Gd magnetic
moments are parallel/antiparallel to the mag-
netic field. Therefore, the Gd acquires an aver-
age IMM at room-temperature, with opposite
direction compared to the Co.

Co and Gd atomic magnetic moments
evaluated by sum rules. To assess and sepa-
rate the orbital and spin magnetic moments for
both Co and Gd layers, the well-known sum
rules were employed by integrating the XAS
and XMCD spectra for each element – see de-
tails in Figure S2 (SI). In Figure 3(a,c) and Fig-
ure 3(b,d) are presented the integrated XMCD
and XAS for both Co and Gd spectra. Specif-
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ically, for the integral performed over the Gd
XMCD spectra, the parameter q could not be
represented since the integral goes almost to
zero (Figure 3(c)), which may be due to the
half full Gd 4f shell.36 For the Co, the average
orbital and spin magnetic moments were quan-
tified as 0.12 ± 0.02 and 1.45 ± 0.02 µB/atom,
while for Gd −0.03 ± 0.01 and −0.54 ± 0.03
µB/atom.

Figure 3: Integrated XAS and XMCD for both
Co and Gd elements. Quantities p, q, and r
are used to extract orbital and spin magnetic
moments. Figure S2 in SI shows the extracted
parameters in more detail.

This implies that the IMM within the Gd lay-
ers is about one-third of the Co magnitude. The
observation calls attention to the range in which
the magnetic moments of Co can induce polar-
ization across the Gd thickness. This aspect
will be later inspected via ab-initio calculations.
In addition, the vanishing Gd orbital magnetic
moment indicates that the perpendicular mag-
netization in the multilayer is dominated mostly
by Co.

Induced magnetic moment at the
Pt/Co and Gd/Pt interfaces. To fully un-
derstand the IMM in the multilayer, XAS and
XMCD were also performed around the Pt L2,3

absorption edges. XAS was measured in the
hard X-ray energy range at the Extreme con-
dition Methods of Analysis (EMA) beamline

of the new 4th synchrotron generation Sirius.
Right and Left circularly polarized X-rays were
generated by 1/4 wave plate, and a magnetic
field of 1 T perpendicular to the sample was
applied during the XAS measurements. The
signal was recorded in the fluorescence mode.

Figure 4(a) shows the XAS acquired for both
incoming right and left circular polarization. It
shows a difference in absorption around both L2

and L3 edges, which is observed in the XMCD
signal in Figure 4(b). The XMCD points down-
wards/upwards around the L3 and L2 absorp-
tion edges, respectively. Figure 4(c) exhibits
the sum of the XAS for right and left circularly
polarized X-rays. Sum rules were also used to
quantify the magnetic moment in the Pt layer.
The average orbital and spin magnetic moments
were obtained as 0.026 ± 0.01 µB/atom and
0.09 ± 0.04 µB/atom, respectively.

Theoretical analysis: Atomistic mod-
elling. To uncover the physical aspects driving
the IMM into the Gd and Pt layers at the in-
terface, the Pt/Co/Gd system was investigated
via a combination of first-principles calculations
based on density functional theory (DFT) and
ASD simulations for different temperatures (see
Methods section).

The layer-resolved atomic spin magnetic mo-
ments (µs) are displayed in Figure 5(a), and the
corresponding static average spin (µ̄z

s) magnetic
moments for the Pt, Co, and Gd atoms for T =
0 K are presented in Table 1. At the ground-
state, our results show that the Gd dominates
the magnetism in absolute values, presenting a
spin magnetic moment very close to its mea-
sured bulk value (7.63 µB/atom37). As can
be seen in Figure 5(a), within the Gd thick-
ness, the two layers closest to the Co/Gd inter-
face align antiferromagnetically to the Co spin
state, while the two layers farthest to that inter-
face present a ferromagnetic alignment with Co,
characterizing the FSS state. This reduces the
overall ground-state average magnetic moment
of Gd to almost zero (see Table 1). Indeed,
the temperature-dependent magnetic moment
extracted for Co and Gd summarizes this be-
havior in which the resultant magnetic moment
for the Gd at T → 0 tends to vanish (data
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Figure 4: XAS and XMCD performed around the Pt L2,3 edges. In (a), the XAS acquired for right
and left circularly polarized X-rays. In (b) the resultant XMCD and the integrated signal (dashed
line) over the spectra. In (c) the sum of both left and right XAS and its respective integrated
signal.

not shown). It is, thus, an interesting effect of
the interface with Co, since, alone, Gd tends to
show a purely ferromagnetic behavior below its
Curie temperature.

While the Co spin magnetic moment slightly
increases at the Co/Pt interface, it decreases at
the interfacial region close to Gd. It is worth
noting that the Co atoms are responsible for
the IMM in the Pt layers, with a significant
induced moment of µs = 0.22µB/atom at the
Co/Pt interface, while the IMM at the Pt/Gd
interface is negligible (0.05µB/atom). This can
be explained by the fact that the hybridiza-
tion between Pt and Gd atoms occurs promi-
nently between Pt 5d and Gd 5d, 6p and 6s
valence states, while the Gd 4f states, here
taken into account by an open-core treatment
(7µB/atom), are highly localized. Because of
this fact, even when the 4f states are explic-
itly taken into account, properly corrected with
a Hubbard U approach,38 the induced Pt spin
moment by Gd is still very small (results dis-
cussed in the SI). Therefore, based on first-
principles calculations, it allows to infer that
the IMM in the Pt layers follows the Co mag-
netic moment, presenting a low influence of the
Gd atoms. It is also possible to anticipate that
this scenario might not be significantly changed
by temperature effects.

With further increasing T , the average the-
oretical µ̄z

s for the Pt, Co and Gd atoms at
T = 300 K, along with the experimental results
obtained from XMCD, are shown in Table 1 and

Table 1: Theoretical (T = 0 and 300 K) and
experimental (T = 300 K) average spin (µ̄s)
magnetic moments for Pt, Co and Gd atoms in
the Pt/Co/Gd multilayer, in µB/atom. Nega-
tive/positive signs indicate distinct dynamically av-
eraged moment directions projected in the ẑ-axis.
The minus sign denotes an antiparallel spin orien-
tation.

Theoretical Experimental
T = 0 K T = 300 K T = 300 K

Pt 0.09 0.03 0.09 ± 0.04
Co 1.85 1.48 1.45 ± 0.02
Gd −0.18a −0.67 −0.54 ± 0.03

a Note that µ̄s → 0 due to the almost
antiferromagnetic spin configuration

throughout the Gd thickness. However,
absolute values amount to ∼ 7.6µB/atom (see

Figure 5(a)).

Figure 5(a). The theoretical and experimental
results are in excellent agreement, in both mag-
nitude and orientation. At this temperature,
the non-zero magnetization observed in the
Pt/Co/Gd sample originates mainly in the Co
layers, presenting a small IMM in the Pt atoms,
and a non-null spin moment in Gd – specially
at the interface. Explicitly, the Pt layers follow
the Co magnetization with a vanishing IMM of
∼ 0.03µB/atom and the Gd layers are polarized
with a large µ̄s ∼ −2.74µB/atom ferrimagnetic
configuration at the Co/Gd interface, where
more distant layers present small moments that
tend to be antiparallel with the interfacial Gd.
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Figure 5: DFT and ASD results for Pt/Co/Gd. In (a), the Pt/Co/Gd stacking is illustrated where
the green, gray, and yellow layers represent the Pt, Gd, and Co atoms, respectively. The atomic
spin magnetic moments for each layer are indicated along with the direction of polarization (arrow)
for 0 K and 300 K. The first Pt layer representation (top) is repeated at the bottom to show the
connection with the upcoming Co7 layer. In (b), the ẑ-component of the spin moment direction
(normalized to a unit vector: ēzs ∈ [−1, 1]) is plotted as a function of time for the Co1, Gd4, Gd3,
Gd2 and Gd1 layers, considering two different sets of magnetic interactions: complete, depicted
in I., and with Gd4-Gd1 and Gd4-Gd2 interlayer couplings set to zero, depicted in II. In (c), the
effective exchange interactions Jeff (see main text) and nearest-neighbors |D⃗ij| are represented in a
color map for different couplings among Gd and the nearest Co layers.
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Since experimentally the Pt/Gd multilayer is
paramagnetic at this temperature, the Gd mo-
ment can be understood in Pt/Co/Gd as being
induced as well, by proximity with Co. Micro-
scopically, this influence is manifested by an an-
tiferromagnetic exchange coupling between Co
and Gd atoms, which quickly vanishes after the
nearest-neighboring shell, and is responsible for
maintaining a relatively large µ̄s at the Gd4

even at T = 300 K; the spin magnetic mo-
ment in the other Gd layers rapidly decreases
with increasing T (see Figure S12 in SI). Hence,
the Co/Gd interface is not only responsible for
the antiparallel alignment of Gd w.r.t. Co, but
also for the net magnetization in Gd observed at
room-temperature. These interfacial effects are
instrumental to the existence of a synthetic fer-
rimagnetic ultrathin region, that may serve as a
platform for complex (noncollinear) spin struc-
tures and topologically protected states.39,40

In addition to the spin moment, another pos-
sible point of comparison with the experimental
results can be made by considering the orbital
magnetic moments, µ̄o. Although the Gd or-
bital moment cannot be directly compared with
the experimental, because it was quantified for
the 4f states, while the theoretical treatment
for the Gd is acquired in the s, p and d or-
bitals, the Co orbital magnetic moment is a
suitable candidate. Since the orbital magnetic
moment of fcc Co does not present a significant
variation with temperature,41 a fair comparison
was done between the orbital magnetic moment
acquired theoretically as ∼ 0.11 µB/atom (at
T = 0 K), and experimentally as 0.12 µB/atom
(at T = 300 K). Therefore, the theoretical and
experimental Co orbital magnetic moments are
in excellent agreement.

Up to now, the layer-by-layer ab-initio analy-
sis has shown that the magnetization is not ho-
mogeneously distributed throughout the thick-
ness of Gd. Although the two closest layers re-
main in a ferrimagnetic configuration with re-
spect to Co, the other two layers are charac-
terized by an opposite alignment of the mag-
netization. To demonstrate that dynamically,
in Figure 5(b) are presented ASD simulation
results where the spin configuration is allowed
to relax from the fully saturated state – the

equivalent of applying a sufficiently strong ex-
ternal magnetic field, and then suddenly remov-
ing it – at very low temperatures (T = 10−3 K),
and in the overdamped regime (α = 0.5). We
see that the spin moments Gd3 and Gd4 lay-
ers quickly proceed to their ferrimagnetic state
with respect to Co1, while, in a later stage,
the spin moment ẑ-component of Gd2 and Gd1

reaches a minimum after ∆t ∼ 3 ps, gradu-
ally converging to a ferromagnetic state with
respect to Co1. Moreover, the simulations show
that the transition from the Gd saturated state
to the lower-energy configuration in Pt/Co/Gd,
for the range of magnetic parameters considered
here, occurs dynamically in intervals of ∼ 1 ps
per layer from Gd4 → Gd2/Gd1, characteriz-
ing an ultrafast process driven by the exchange
interactions. A finite temperature analysis on
Figure 5(b), inset, shows that those intervals
decrease with respect to temperature, where the
transitions for each Gd layer occur in the same
interval of less than 1 ps for T = 300 K. In
connection to this spin-flip dynamics, we also
note that the relevant magnetization switching
effect by an external stimuli (e.g., femtosecond
laser pulses) was mainly observed in materials
involving rare-earth elements.22,23,26,42

To closely inspect the microscopic origin of
such behavior of Gd, we show in Figure 5(c)
the effective exchange among Gd and the near-
est Co layers, defined as Jeff =

∑
i ̸=j Jij, which

represents the exchange energy term in the spin
Hamiltonian for a ferromagnetic (fully satu-
rated) reference state. From this definition,
Jeff > 0 (Jeff < 0) indicates the preference
for the parallel (antiparallel) spin alignment.
In practice, the intra- and inter-layer exchange
interactions were considered up to maximum
cutoff radii of ∼ 9.6Å/∼ 16Å, respectively.
On one hand, it can be seen in Figure 5(c)
that Co influence almost does not exceed the
first (adjacent) layer, presenting a strong an-
tiferromagnetic coupling for Co1-Gd4. On the
other hand, Gd3-Gd1 and Gd4-Gd2 interlayer
Jeff parameters are sizable and also negative,
with almost the same magnitude of the Gd
neighboring layers (with the exception of Gd3-
Gd2). This particular combination of exchange
interactions, favoring longer-range Gd-Gd over
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Figure 6: MFM, STXM and micromagnetic simulation images. In (a), the MFM image shows
the formation of spin spirals like maze domains. In (b) and (c) STXM images performed at the
L3 Co and M5 Gd absorption edges show the antiferromagnetic contrast of the two Co and Gd
sublattices. The scale bar shown in (c) represents 250 nm. In (d), the micromagnetic simulation
was undertaken without DMI, and (e) the spin spirals were reproduced by taking into account DMI
in the micromagnetic modeling. The scale bar in (d,e) represents 150 nm.
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Gd-Co couplings, is crucial for the preferred
FSS derived from the spin Hamiltonian min-
imization. In this sense, it is worth to re-
call that in its bulk (hcp) form, Gd exhibits
a next-nearest-neighbor antiferromagnetic cou-
pling,43 being considered as a model example
of the indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction;44 as it is well-known, this
type of interactions is mediated by the conduc-
tion electrons and presents a long-range nature.
On the contrary, fcc Co is an almost strong fer-
romagnet, for which a less pronouced RKKY
character (as well as a faster decaying Jij with
the ij-pair distance) is expected.45

ASD simulations are performed where the
(Jij, D⃗ij) sets of interactions, namely the Gd3-
Gd1 and Gd4-Gd2 interlayer couplings (antifer-
romagnetic Jeff couplings, represented in blue,
in Figure 5(c)), were artificially set to zero. In
this case, all Gd layers remained with the same
spin alignment. This indicates that there ex-
ists a competition between exchange interac-
tions that favors energetically the inhomoge-
neous magnetization throughout Gd, which is
not destroyed by either the influence of thermal
fluctuations at T = 300 K (see Figure 5(a)),
or the weak magnetic anisotropy. More specifi-
cally, this behavior can be ascribed to a combi-
nation of three connected facts: (i) a negligible
ferrimagnetic Gd-Co coupling beyond adjacent
layers, linked to the (almost) strong ferromag-
net character of Co; (ii) a small Jeff coupling
between neighboring Gd3-Gd2 layers, which can
be easily perturbed by thermal fluctuations;
and (iii) the presence of long-range, RKKY-
type, antiferromagnetic Gd-Gd interlayer inter-
actions.

Finally, it is relevant to note that for the
Dzyaloshinskii-Moriya interaction (DMI), ex-
hibited in Figure 5(c), only the Co/Gd inter-
face shows a significant contribution, which is
comparable with the intralayer Co7-Co7 cou-
pling (see Figure S9 in SI), near the Co/Pt in-
terface. The presence of DMI will be argued
to play a central role in the emergence of non-
collinear spin structures in the next sections.

Zero-field magnetic textures at room-
temperature. Magnetic force microscopy

(MFM) images were undertaken at room-
temperature and zero magnetic field to ob-
serve the formation of magnetic textures in the
multilayer. To directly understand the spa-
tial magnetic configuration and correlate with
the hysteresis loops, the images were performed
with the sample in remnant state after applying
a magnetic field of 1 T normal to the sample
surface and turning it off. The image shows
spin spirals textures in the format of maze-like
domains, depicted in Figure 6(a). Recalling the
hysteresis loops presented in Figure 2(b), the
almost zero remnant magnetization agrees with
the observed images, where the sample mag-
netization breaks into narrow domains with
up and down orientation, reducing the average
magnetization of the multilayer in the absence
of magnetic field.

The MFM images confirm the magnetic tex-
tures formation in the multilayer. However,
the MFM cannot itself directly answer if the
magnetic textures are formed in both Co and
Gd layers. To obtain the domains formation
in each Co and Gd layer, Scanning transmis-
sion X-ray microscopy (STXM) measurements
were performed at the 7.0.1.2 (COSMIC) beam-
line of the Advanced Light Source (ALS) syn-
chrotron. To transmit the X-ray through the
sample, the same Pt(1nm)/Co(1.5nm) multi-
layer was grown onto transparent silicon nitride
Si3N4 membranes. Right and left circularly po-
larized X-rays were used with the incoming en-
ergy fixed at the maximum of both Co L3 and
Gd M5 absorption edge. The magnetic con-
trast was obtained based on XMCD, through
the difference between images performed with
right and left circularly polarization at room-
temperature and zero-magnetic field. Figure
6(b-c) shows the formation of spin spirals in
each Gd and Co thicknesses with a very similar
pattern obtained by MFM. Moreover, the con-
trast is opposite for each Co and Gd XMCD
images, which confirms that the spin spirals
texture at zero-field are coupled ferrimagneti-
cally. These domains may be transformed in
ferrimagnetic skyrmions in Pt/Co/Gd multi-
layer at zero-field and room temperature, by
tailoring circular shaped disks with different di-
ameters,46 or by tuning perpendicular magnetic
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anisotropy and remnant magnetization varying
the Co thickness.47

Theoretical analysis: Micromagnetic
simulations. The observation of ferrimagnet-
ically coupled spin spirals by both MFM and
STXM in our Pt/Co/Gd multilayer, with wave-
lengths of, roughly, 100 nm order of magnitude
(see Fig. 6) makes the fully atomistic treatment
unpractical. Therefore, following the philoso-
phy of a multiscale approach,48 the formation of
those spin spirals was deeply investigated by, in-
stead, performing micromagnetic simulations1

using Mumax3 code49 (for details see Methods
section).

Figure 6(d-e) summarizes the main micro-
magnetic results. In the bottom of Figure 6(e)
is labeled different values of saturation magne-
tization Ms to verify how the domain structures
evolve as a function of this parameter. The spin
textures were stabilized in both micromagnetic
Co and Gd layers. When the DMI is absent in
the micromagnetic modeling (D = 0), no do-
main textures were stabilized, while for D =
1.2× 10−3 J/m2 spin spirals like maze-domains
are obtained, as observed experimentally. By
modifying the values of DMI, the micromag-
netic simulations allowed to qualitatively esti-
mate this substantial interaction where the im-
ages match with the experimental findings. The
range of DMI from 1.1 − 1.4 × 10−3 J/m2 re-
produces very well the experimental observa-
tions. Furthermore, no significant difference in
the micromagnetic images was observed within
the Ms interval of 570 to 610 kA/m, as well as
the JCo-Gd interaction from −0.1 to 0.7 × 10−3

J/m2.

Conclusions
In conclusion, various interfacial phenomena

such as induced magnetic moments, exchange
coupling, and spin textures were comprehen-
sively explored in Pt/Co/Gd multilayers at
both zero and room-temperatures by employ-
ing a multiscale approach. Our combined ex-

1Note here we differentiate the atomistic parameters
Jij and D⃗ij used in the ASD simulations, from the ef-
fective parameters J and D used in the micromagnetic
simulations.

perimental and theoretical analysis, supported
by XMCD, DFT, and ASD simulations, reveals
that the Gd in proximity with Co leads to es-
sentially two local effects: (i) the presence of a
sizable, induced magnetic moment transferred
from Co to Gd, which is ferrimagnetic with re-
spect to Co at the Gd/Co interface, and still
survives at T = 300 K; and (ii) the emer-
gence of a flipped spin state (FSS) through-
out the Gd layers when the ideal fcc struc-
ture with Pt lattice parameter is considered.
The FSS, characterized by a distinct alignment
of Gd magnetic moments (antiparallel to Co
near the interface and parallel far from it), is
mainly driven by the long-range (RKKY-type)
Gd-Gd exchange interactions and the shorter-
range influence of Co, in an environment of
weak uniaxial anisotropy. The FSS across the
Gd layer reduces its thickness normalized mag-
netic moment sustained by both experimental
and theoretical results. Moreover, the Pt layers
are found to predominantly follow the magnetic
moment direction of Co near the Co/Pt inter-
face, with minimal induced moments in prox-
imity to Gd atoms.

On a larger scale, the presence of the Co
layers breaks the system’s inversion symme-
try, leading to the appearance of DMI specially
at the Co/Pt and Co/Gd interfaces, via Co-
Co and Co-Gd interactions, respectively. The
DMI is demonstrated, via micromagnetic sim-
ulations, to play a crucial role on the for-
mation of ferrimagnetically coupled spin spi-
rals, observed by MFM and STXM techniques
at room-temperature. This observation fur-
ther underscores the complexity and richness
of the magnetic configurations in this system.
These conclusions enhance our understanding
of interfacial magnetic properties in such het-
erostructures, and offer deeper insights toward
the manipulation and control of antiferromag-
netic coupled magnetic states, which are critical
for advancements in ultra-low power data stor-
age, photonics, and spintronic applications.

Methods

Sample fabrication
Magnetic multilayers were fabricated by mag-
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netron sputtering at room-temperature with a base
pressure of 8 × 10−8 Torr. All targets were de-
posited onto Si/SiO2 substrates under Argon atmo-
sphere pressure of 3 × 10−3 Torr. First, two refer-
ence Pt(1nm)/Gd(1nm) and Pt(1nm)/Co(1.5nm)
multilayers were grown. The bi-layers were grown
with 10 repetitions over 2 nm Pt buffer layer, and
to prevent oxidation 2 nm Pt thickness was added
upon the last repetition of the bi-layers. Thus, the
Co and Gd thicknesses were sandwiched at both
sides by the Pt forming a symmetric Pt/Co/Pt
and Pt/Gd/Pt heterostructure. Thus, a multilayer
based on Pt(1nm)/Co(1.5nm)/Gd(1nm) with ten
repetions was fabricated to study the magnetic-
coupling between adjacentes Co and Gd atoms, as
well as the formation of spin textures in both mag-
netic layers.

Theoretical multiscale approach:
1: Atomistic spin dynamics
To perform first-principles calculations the the
real-space linear-muffin-tin-orbital within the
atomic sphere approximation (RS-LMTO-ASA)
method,50 based on the Density Functional The-
ory (DFT)51 was used. The ground state electronic
density was obtained by using the Haydock recur-
sion,52 with the recursion cut-off of LL = 22, in
addition to the Beer-Perttifor terminator53 and
the local spin density approximation (LSDA)54 as
the exchange-correlation functional. The atom-
istic spin simulations were done using the Uppsala
Atomistic Spin Dynamics (UppASD)55 code, where
the Landau-Lifshitz-Gilbert (LLG) equation56 is
solved to obtain the magnetic configuration with
minimum energy.

An infinite geometry with perfect fcc stacking
in the [111] direction, composed by 4 layers of
Pt, 4 layers of Gd, and 7 layers of Co (see Fig-
ure 5(a)) was considered. The DFT calculations
were performed using the Real Space Linear Muffin-
Tin Orbital Atomic Sphere Approximation (RS-
LMTO-ASA) method50,57–67 to obtain the mag-
netic parameters, including magnetic moments and
exchange constants, namely the isotropic exchange
coupling (Jij) and the Dzyaloshinskii-Moriya vec-
tors (D⃗ij). A deeper analysis on the structure and
the ground-state search using different DFT meth-
ods can be found in the SI. Subsequently, the ob-
tained ab-initio values were used to parametrize the
spin Hamiltonian and solve the phenomenological
Landau-Lifshitz-Gilbert (LLG) equation of motion,
with temperature variations from ∼ 0 to 300 K, via

the Uppsala Atomistic Spin Dynamics (UppASD)
code.55,68,69

Concerning the ASD simulations, the inclusion of
induced magnetic moments can be crucial for the
determination of TC and the magnetic properties at
finite temperatures of FM/heavy-metal systems.70

However, since the IMM for Pt layers is only siz-
able at the interface Pt/Co (as discussed below, see
Figure 5(a)), including further Pt atoms with van-
ishing small magnetic moments in the classical ASD
approach is not appropriate.71 Then, here, we con-
sidered a hexagonal lattice of 200× 200× n spins,
where n is the number of layers, considering one Pt
monolayer at the interface Pt/Co followed by all
the Co and Gd layers, resulting in n = 12 (see SI
for information regarding the range of interactions
considered). The temperature is increased contin-
uously from 0 K to 300 K, where the atomic mo-
ments present a deviation of the ẑ-axis due to ther-
mal fluctuations. As the XMCD results consider
contributions from all the layers of a given chem-
ical species (for Co and Gd, only the repetitions
closest to the sample surface due the TEY mode
detection, see Figure 2(a)),72 a fair comparison to
the theoretical values can be given by the average
projection of the atomic spins to the spin quanti-
zation axis (ẑ-axis), µ̄z

s. For the cases in which a
finite temperature (T > 0) is involved, these values
are obtained by considering the dynamical average
ẑ-component of µ⃗si for all sites i in a given layer,
for a sufficient ASD simulation time of t = 10 ps.
2: Micromagnetic simulations

Within the micromagnetic approach, to model
our system, using Mumax3 code,49 two layers repre-
senting Co and Gd were geometrically divided into
cell sizes of 0.3 nm along the x̂ − ŷ plane, and 0.5
nm out-of-plane (ẑ). The total area along x̂− ŷ is
750×750 nm2, and Co and Gd thicknesses 1.5 and
1 nm along the ẑ direction, respectively. The sim-
ulations were carried out at T = 300 K, zero field
and during t = 10 ns.

The exchange stiffness constant was fixed to
JCo-Co = 1.5×10−12 J/m3 and JGd-Gd = 0.5×10−12

J/m3.18 The antiparallel alignment between the Co
and Gd layers in the interface was ensured by using
interlayer exchange coupling (IEC), mimicking an
interfacial exchange JCo-Gd interaction for the near-
est Co and Gd atoms. The JCo-Gd was initially fixed
in −0.5×10−3 J/m2. The PMA obtained experi-
mentally was fixed in 0.12 MJ/m3 and saturation
magnetization modified from 570 to 610 kA/m to
account for any variation of this parameter in for-
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mation of the magnetic texture. As the atomistic
results previously discussed suggest, a sizable DMI
is also present due to the broken inversion symme-
try structure. Thus, a DMI constant D was also
considered in the simulations and varied together
with the interfacial exchange JCo-Gd to explore their
impact on the spin textures emergence. Additional
results of micromagnetic simulations are described
in the SI.

Acknowledgement J.B, J.C.C, F.B,
T.J.A.M, H.M.P, A.B.K, and P.C.C. acknowl-
edge financial support from Brazilian agen-
cies CAPES, CNPq, FAPESP and FAPESPA.
In particular, São Paulo Research Foundation
(FAPESP) is acknowledged by financial sup-
port through the processes: #2020/05609-
7 and #2022/10095-8 (P.C.C., A.B.K. and
H.M.P), #2012/51198-2 (J.C.C). A.B.K. ac-
knowledges support from the INCT of Mate-
rials Informatics, and A.B.K., J.B., T.J.A.M.,
F.B. and J.C.C. acknowledge the INCT of Spin-
tronics and Advanced Magnetic Nanostructures
(INCT-SpinNanoMag). A.B. acknowledges
eSSENCE. A.B. and I.P.M. acknowledge sup-
port from the Knut and Alice Wallenberg Foun-
dation. F.B acknowledges support from CNPq
project with process number #421070/2023-4.
XAS and XMCD measurements were carried
out thanks to the beamtime in the U11-PGM
beamline of the Brazilian Synchrotron Light
Laboratory (LNLS/CNPEM), as well as the
Extreme Condition Analyses (EMA) beam-
line. The calculations were performed at the
computational facilities of the National Labo-
ratory for Scientific Computing (LNCC/MCTI,
Brazil), CCAD-UFPA (Brazil), and at the Na-
tional Academic Infrastructure for Supercom-
puting in Sweden (NAISS, projects 2023/1-
44, 2023/1-10, 2023/5-454, and 2023/22-1107)
at both the National Supercomputing Centre
(NSC, Tetralith) and the PDC Centre for High
Performance Computing (PDC-KTH, Dardel).

Supporting information
Additional description of the experimental and

theoretical details, including: (i) X-ray diffraction
to identify the growth direction of the thin films,
X-ray absorption and the sum rules used to obtain

the orbital and spin magnetic moments, and (ii)
the computational procedure to perform first prin-
ciples calculations based on density functional the-
ory (DFT), and atomistic spin dynamics. Besides,
further information on the micromagnetic simula-
tions are presented.

Competing interests
All the authors declare no competing interests.

Author contributions
J.B. conceived the experimental idea of the pro-

jetc. I.P.M., A.B.K., and H.M.P. designed the the-
oretical project. P.C.C, I.P.M., J.B., and A.B.K.
carried out the simulations and calculations. I.P.M.
and A.B. developed new implementations on RS-
LMTO-ASA code necessary to develop this project.
J.B., T.J.A.M., and J.C.C. performed the XAS and
XMCD experiments. T.J.A.M. undertook STXM
images. F.B. and J.B measured hysteresis loops.
The initial version of the manuscript was written
by J.B., P.C.C., I.P.M., and A.B.K. A.B., H.M.P.,
and J.C.C. discussed the results and commented on
the manuscript. All authors contributed to discus-
sions, writing, and revision of the manuscript to its
final version.

Data availability
Most data needed to reproduce the results are

available in the SI. Additional details supporting
the findings of this study can be provided upon
reasonable request from the corresponding authors
(J.B. and I.P.M.).

Code availability
The codes used in the theoretical part (RS-

LMTO-ASA, UppASD, and Mumax3) are de-
scribed and referenced in the Methods section and
are available free-of-charge.

References
(1) Huang, S. Y.; Fan, X.; Qu, D.; Chen, Y. P.;

Wang, W. G.; Wu, J.; Chen, T. Y.;
Xiao, J. Q.; Chien, C. L. Transport Mag-
netic Proximity Effects in Platinum. Phys.
Rev. Lett. 2012, 109, 107204.

(2) Hellman, F. et al. Interface-induced phenom-
ena in magnetism. Rev. Mod. Phys. 2017, 89,
025006.

13



(3) Nguyen, M.-H.; Pai, C.-F.; Nguyen, K. X.;
Muller, D. A.; Ralph, D. C.; Buhrman, R. A.
Enhancement of the anti-damping spin torque
efficacy of platinum by interface modification.
Appl. Phys. Lett. 2015, 106, 222402.

(4) Zhang, W.; Han, W.; Jiang, X.; Yang, S.-
H.; S. P. Parkin, S. Role of transparency of
platinum–ferromagnet interfaces in determin-
ing the intrinsic magnitude of the spin Hall
effect. Nat. Phys. 2015, 11, 496.

(5) Buzdin, A. I. Proximity effects in
superconductor-ferromagnet heterostruc-
tures. Rev. Mod. Phys. 2005, 77, 935.

(6) Lutchyn, R. M.; Sau, J. D.; Das Sarma, S.
Majorana Fermions and a Topological Phase
Transition in Semiconductor-Superconductor
Heterostructures. Phys. Rev. Lett. 2010, 105,
077001.

(7) Shabani, J.; Kjaergaard, M.; Suominen, H. J.;
Kim, Y.; Nichele, F.; Pakrouski, K.; Stanke-
vic, T.; Lutchyn, R. M.; Krogstrup, P.;
Feidenhans’l, R.; Kraemer, S.; Nayak, C.;
Troyer, M.; Marcus, C. M.; Palmstrøm, C. J.
Two-dimensional epitaxial superconductor-
semiconductor heterostructures: A platform
for topological superconducting networks.
Phys. Rev. B 2016, 93, 155402.

(8) Vogel, J.; Fontaine, A.; Cros, V.; Petroff, F.;
Kappler, J.-P.; Krill, G.; Rogalev, A.;
Goulon, J. Structure and magnetism of Pd in
Pd/Fe multilayers studied by x-ray magnetic
circular dichroism at the Pd L2,3sedges. Phys.
Rev. B 1997, 55, 3663.

(9) Wilhelm, F.; Poulopoulos, P.; Ceballos, G.;
Wende, H.; Baberschke, K.; Srivastava, P.;
Benea, D.; Ebert, H.; Angelakeris, M.; Fl-
evaris, N. K.; Niarchos, D.; Rogalev, A.;
Brookes, N. B. Layer-Resolved Magnetic Mo-
ments in Ni/Pt Multilayers. Phys. Rev. Lett.
2000, 85, 413.

(10) Wilhelm, F.; Poulopoulos, P.; Wende, H.;
Scherz, A.; Baberschke, K.; Angelakeris, M.;
Flevaris, N. K.; Rogalev, A. Systematics of
the Induced Magnetic Moments in 5d Layers
and the Violation of the Third Hund’s Rule.
Phys. Rev. Lett. 2001, 87, 207202.

(11) Hase, T. P. A.; Brewer, M. S.; Arnalds, U. B.;
Ahlberg, M.; Kapaklis, V.; Björck, M.;
Bouchenoire, L.; Thompson, P.; Haskel, D.;
Choi, Y.; Lang, J.; Sánchez-Hanke, C.; Hjör-
varsson, B. Proximity effects on dimensional-
ity and magnetic ordering in Pd/Fe/Pd tria-
lyers. Phys. Rev. B 2014, 90, 104403.

(12) Lu, Y. M.; Choi, Y.; Ortega, C. M.;
Cheng, X. M.; Cai, J. W.; Huang, S. Y.;
Sun, L.; Chien, C. L. Pt Magnetic Polar-
ization on Y3Fe5O12 and Magnetotransport
Characteristics. Phys. Rev. Lett. 2013, 110,
147207.

(13) Collet, M.; Mattana, R.; Moussy, J.-B.;
Ollefs, K.; Collin, S.; Deranlot, C.; Anane, A.;
Cros, V.; Petroff, F.; Wilhelm, F.; Rogalev, A.
Investigating magnetic proximity effects at
ferrite/Pt interfaces. Appl. Phys. Lett. 2017,
111, 202401.

(14) Swindells, C.; Nicholson, B.; Inyang, O.;
Choi, Y.; Hase, T.; Atkinson, D. Proximity-
induced magnetism in Pt layered with rare-
earth–transition-metal ferrimagnetic alloys.
Phys. Rev. Res. 2020, 2, 033280.

(15) Stanciu, C. D.; Hansteen, F.; Kimel, A. V.;
Kirilyuk, A.; Tsukamoto, A.; Itoh, A.; Ras-
ing, T. All-Optical Magnetic Recording with
Circularly Polarized Light. Phys. Rev. Lett.
2007, 99, 047601.

(16) Lalieu, M. L. M.; Peeters, M. J. G.; Haenen, S.
R. R.; Lavrijsen, R.; Koopmans, B. Determin-
istic all-optical switching of synthetic ferri-
magnets using single femtosecond laser pulses.
Phys. Rev. B 2017, 96, 220411.

(17) Hirata, Y.; Kim, D.; Kim, S. Vanishing
skyrmion Hall effect at the angular momen-
tum compensation temperature of a ferrimag-
net. Nat. Nanotechnol. 2019, 14, 232.

(18) Woo, S. et al. Current-driven dynamics and
inhibition of the skyrmion Hall effect of fer-
rimagnetic skyrmions in GdFeCo films. Nat.
Commun. 2018, 9, 959.

(19) Siddiqui, S. A.; Han, J.; Finley, J. T.;
Ross, C. A.; Liu, L. Current-Induced Domain
Wall Motion in a Compensated Ferrimagnet.
Phys. Rev. Lett. 2018, 121, 057701.

14



(20) Wienholdt, S.; Hinzke, D.; Nowak, U. THz
Switching of Antiferromagnets and Ferrimag-
nets. Phys. Rev. Lett. 2012, 108, 247207.

(21) Blank, T. G. H.; Grishunin, K. A.;
Mashkovich, E. A.; Logunov, M. V.;
Zvezdin, A. K.; Kimel, A. V. THz-Scale Field-
Induced Spin Dynamics in Ferrimagnetic Iron
Garnets. Phys. Rev. Lett. 2021, 127, 037203.

(22) Radu, I.; Vahaplar, C., K. Stamm; Kachel, T.;
Pontius, H. A., N. Dürr; Ostler, T. A.;
Barker, J.; Evans, R. F. L.; Chantrell, R. W.;
Tsukamoto, A.; Itoh, A.; Kirilyuk, A.; Ras-
ing, T.; Kimel, A. V. Transient ferromagnetic-
like state mediating ultrafast reversal of anti-
ferromagnetically coupled spins. Nat. 2011,
472, 205.

(23) Ostler, T. et al. Ultrafast heating as a suffi-
cient stimulus for magnetization reversal in a
ferrimagnet. Nat. Commun. 2012, 3, 666.

(24) Zhang, W.; Huang, T. X.; Hehn, M.;
Malinowski, G.; Verges, M.; Hohlfeld, J.;
Remy, Q.; Lacour, D.; Wang, X. R.;
Zhao, G. P.; Vallobra, P.; Xu, Y.; Mangin, S.;
Zhao, W. S. Optical Creation of Skyrmions
by Spin Reorientation Transition in Ferrimag-
netic CoHo Alloys. ACS Appl. Mater. Inter-
faces 2023, 15, 5608.

(25) Zhu, K.; Bi, L.; Zhang, Y.; Zheng, D.;
Yang, D.; Li, J.; Tian, H.; Cai, J.; Yang, H.;
Zhang, Y.; Li, J. Ultrafast switching to zero
field topological spin textures in ferrimagnetic
TbFeCo films. Nanoscale 2024, 16, 3133.

(26) Gweha Nyoma, D. P.; Hehn, M.; Mali-
nowski, G.; Ghanbaja, J.; Hohlfeld, J.; Gor-
chon, J.; Mangin, S.; Montaigne, F. Gd Dop-
ing at the Co/Pt Interfaces to Induce Ultra-
fast All-Optical Switching. ACS Appl. Elec-
tron. Mater. 2024, 6, 1122.

(27) Smejkal, L.; Mokrousov, Y.; Yan, B.; Mac-
Donald, A. H. Topological antiferromagnetic
spintronics. Nat. Phys. 2018, 14, 242–251.

(28) Baltz, V.; Manchon, A.; Tsoi, M.;
Moriyama, T.; Ono, T.; Tserkovnyak, Y.
Antiferromagnetic spintronics. Rev. Mod.
Phys. 2018, 90, 015005.

(29) Gomonay, O.; Baltz, V.; Brataas, A.;
Tserkovnyak, Y. Antiferromagnetic spin tex-
tures and dynamics. Nat. Phys. 2018, 14, 213.

(30) Binder, M.; Weber, A.; Mosendz, O.; Wolters-
dorf, G.; Izquierdo, M.; Neudecker, I.;
Dahn, J. R.; Hatchard, T. D.; Thiele, J.-U.;
Back, C. H.; Scheinfein, M. R. Magnetization
dynamics of the ferrimagnet CoGd near the
compensation of magnetization and angular
momentum. Phys. Rev. B 2006, 74, 134404.

(31) Kim, J.; Lee, D.; Lee, K.-J.; Ju, B.-K.;
Koo, H. C.; Min, B.-C.; Lee, O. Spin-orbit
torques associated with ferrimagnetic order in
Pt/GdFeCo/MgO layers. Sci. Rep. 2018, 8,
6017.

(32) Coey, J. M. D. Magnetism and Magnetic Ma-
terials; Cambridge University Press, 2010.

(33) Strigl, F.; Espy, C.; Bückle, M.; Scheer, E.;
Pietsch, T. Emerging magnetic order in plat-
inum atomic contacts and chains. Phys. Rev.
B 2015, 6, 6172.

(34) Verna, A.; Alippi, P.; Offi, F.; Barucca, G.;
Varvaro, G.; Agostinelli, E.; Albrecht, M.;
Rutkowski, B.; Ruocco, A.; Paoloni, D.;
Valvidares, M.; Laureti, S. Disclosing the Na-
ture of Asymmetric Interface Magnetism in
Co/Pt Multilayers. ACS Appl. Mater. Inter-
faces 2022, 14, 12766.

(35) Mukhopadhyay, A.; Koyiloth Vayalil, S.;
Graulich, D.; Ahamed, I.; Francoual, S.;
Kashyap, A.; Kuschel, T.; Anil Kumar, P. S.
Asymmetric modification of the magnetic
proximity effect in Pt/Co/Pt trilayers by the
insertion of a Ta buffer layer. Phys. Rev. B
2020, 102, 144435.

(36) Bartelt, A. F.; Comin, A.; Feng, J.; Nasi-
atka, J. R.; Eimüller, T.; Ludescher, B.;
Schütz, G.; Padmore, H. A.; Young, A. T.;
Scholl, A. Element-specific spin and orbital
momentum dynamics of Fe/Gd multilayers.
App. Phys. Lett. 2007, 90, 162503.

(37) Jensen, J.; Mackintosh, A. R. Rare Earth
Magnetism; Clarence Press, 1991.

(38) Dudarev, S. L.; Botton, G. A.;
Savrasov, S. Y.; Humphreys, C. J.; Sut-
ton, A. P. Electron-energy-loss spectra and

15



the structural stability of nickel oxide: An
LSDA+U study. Phys. Rev. B 1998, 57,
1505.

(39) Šmejkal, L.; Mokrousov, Y.; Yan, B.; Mac-
Donald, A. H. Topological antiferromagnetic
spintronics. Nat. Phys. 2018, 14, 242.

(40) Aldarawsheh, A.; Fernandes, I. L.; Brinker, S.;
Sallermann, M.; Abusaa, M.; Blügel, S.;
Lounis, S. Emergence of zero-field non-
synthetic single and interchained antiferro-
magnetic skyrmions in thin films. Nat. Com-
mun. 2022, 13, 7369.

(41) Menzinger, F.; Paoletti, A. Temperature de-
pendence of magnetic-moment distribution in
f.c.c. CO0.91FE0.09 alloy. Il Nuovo Cimento
B 1972, 10, 565.

(42) Hintermayr, J.; Li, P.; Rosenkamp, R.; van
Hees, Y. L. W.; Igarashi, J.; Mangin, S.;
Lavrijsen, R.; Malinowski, G.; Koopmans, B.
Ultrafast single-pulse all-optical switching in
synthetic ferrimagnetic Tb/Co/Gd multilay-
ers. Appl. Phys. Lett. 2023, 123, 072406.

(43) Locht, I. L. M.; Kvashnin, Y. O.; Ro-
drigues, D. C. M.; Pereiro, M.; Bergman, A.;
Bergqvist, L.; Lichtenstein, A. I.; Katsnel-
son, M. I.; Delin, A.; Klautau, A. B.; Jo-
hansson, B.; Di Marco, I.; Eriksson, O. Stan-
dard model of the rare earths analyzed from
the Hubbard I approximation. Phys. Rev. B
2016, 94, 085137.

(44) Scheie, A.; Laurell, P.; McClarty, P. A.;
Granroth, G. E.; Stone, M. B.; Moessner, R.;
Nagler, S. E. Spin-exchange Hamiltonian and
topological degeneracies in elemental gadolin-
ium. Phys. Rev. B 2022, 105, 104402.

(45) Pajda, M.; Kudrnovský, J.; Turek, I.; Dr-
chal, V.; Bruno, P. Ab initio calculations of
exchange interactions, spin-wave stiffness con-
stants, and Curie temperatures of Fe, Co, and
Ni. Phys. Rev. B 2001, 64, 174402.

(46) Brandão, J.; Dugato, D. A.; Puydinger dos
Santos, M. V.; Cezar, J. C. Evolution of Zero-
Field Ferrimagnetic Domains and Skyrmions
in Exchange-Coupled Pt/CoGd/Pt Confined
Nanostructures: Implications for Antiferro-
magnetic Devices. ACS Appl. Nano Mater.
2019, 2, 7532.

(47) Brandão, J.; Dugato, D.; Puydinger dos San-
tos, M.; Béron, F.; Cezar, J. Tuning isolated
zero-field skyrmions and spin spirals at room-
temperature in synthetic ferrimagnetic multi-
layers. Appl. Surf. Sci. 2022, 585, 152598.

(48) Borisov, V.; Salehi, N.; Pereiro, M.; Delin, A.;
Eriksson, O. Dzyaloshinskii-Moriya interac-
tions, Néel skyrmions and V4 magnetic clus-
ters in multiferroic lacunar spinel GaV4S8.
Npj Comput. Mater. 2024, 10, 53.

(49) Vansteenkiste, A.; Van de Wiele, B. MuMax:
A new high-performance micromagnetic sim-
ulation tool. J. Magn. Magn. Mater. 2011,
323, 2585.

(50) Frota-Pessôa, S. First-principles real-space
linear-muffin-tin-orbital calculations of 3d im-
purities in Cu. Phys. Rev. B 1992, 46, 14570.

(51) Hohenberg, P.; Kohn, W. Inhomogeneous
Electron Gas. Phys. Rev. 1964, 136, B864.

(52) Haydock, R. The recursive solution of the
Schrödinger equation. Comput. Phys. Com-
mun. 1980, 20, 11 – 16.

(53) Beer, N.; Pettifor, D. G. The Electronic Struc-
ture of Complex Systems; Springer US, 1984.

(54) von Barth, U.; Hedin, L. A Local Exchange-
Correlation Potential for the Spin Polarized
Case: I. J. Phys. C Solid State Phys. 1972,
5, 1629.

(55) Eriksson, O.; Bergman, A.; Bergqvist, L.;
Hellsvik, J. Atomistic Spin Dynamics: Foun-
dations and Applications; Oxford University
Press: Oxford, 2017; p 272.

(56) Gilbert, T. A phenomenological theory of
damping in ferromagnetic materials. IEEE
Transactions on Magnetics 2004, 40, 3443.

(57) Peduto, P. R.; Frota-Pessôa, S.; Methfes-
sel, M. S. First-principles linear muffin-tin
orbital atomic-sphere approximation calcula-
tions in real space. Phys. Rev. B 1991, 44,
13283.

(58) Klautau, A. B.; Legoas, S. B.; Muniz, R. B.;
Frota-Pessôa, S. Magnetic behavior of thin Cr
layers sandwiched by Fe. Phys. Rev. B 1999,
60, 3421.

16



(59) Rodrigues, D. C. M.; Szilva, A.; Klau-
tau, A. B.; Bergman, A.; Eriksson, O.; Etz, C.
Finite-temperature interatomic exchange and
magnon softening in Fe overlayers on Ir(001).
Phys. Rev. B 2016, 94, 014413.

(60) Bezerra-Neto, M. M.; Ribeiro, M. S.;
Sanyal, B.; Bergman, A.; Muniz, R. B.; Eriks-
son, O.; Klautau, A. B. Complex magnetic
structure of clusters and chains of Ni and Fe
on Pt(111). Sci. Rep. 2013, 3, 3054.

(61) Cardias, R.; Bezerra-Neto, M. M.;
Ribeiro, M. S.; Bergman, A.; Szilva, A.;
Eriksson, O.; Klautau, A. B. Magnetic and
electronic structure of Mn nanostructures on
Ag(111) and Au(111). Phys. Rev. B 2016,
93, 014438.

(62) Kvashnin, Y. O.; Cardias, R.; Szilva, A.;
Di Marco, I.; Katsnelson, M. I.; Lichten-
stein, A. I.; Nordström, L.; Klautau, A. B.;
Eriksson, O. Microscopic Origin of Heisenberg
and Non-Heisenberg Exchange Interactions in
Ferromagnetic bcc Fe. Phys. Rev. Lett. 2016,
116, 217202.

(63) Cardias, R.; Bergman, A.; Szilva, A.; Kvash-
nin, Y. O.; Fransson, J.; Klautau, A. B.;
Eriksson, O.; Nordström, L. First-principles
Dzyaloshinskii–Moriya interaction in a non-
collinear framework. Sci. Rep. 2020, 10,
20339.

(64) Klautau, A. B.; Frota-Pessôa, S. Magnetic
properties of Co nanowires on Cu(001) sur-
faces. Phys. Rev. B 2004, 70, 193407.

(65) Klautau, A.; Frota-Pessôa, S. Orbital mo-
ments of 3d adatoms and Co nanostructures
on Cu(001) surfaces. Surf. Sci. 2005, 579, 27.

(66) Frota-Pessôa, S.; Klautau, A. B.; Legoas, S. B.
Influence of interface mixing on the magnetic
properties of Ni/Pt multilayers. Phys. Rev. B
2002, 66, 132416.

(67) Klautau, A.; Frota-Pessôa, S. Magnetism of
Co clusters embedded in Cu(001) surfaces: an
ab initio study. Surf. Sci. 2002, 497, 385.

(68) Antropov, V. P.; Katsnelson, M. I.; Har-
mon, B. N.; van Schilfgaarde, M.; Kusne-
zov, D. Spin dynamics in magnets: Equation

of motion and finite temperature effects. Phys.
Rev. B 1996, 54, 1019.

(69) Skubic, B.; Hellsvik, J.; Nordström, L.; Eriks-
son, O. A method for atomistic spin dynamics
simulations: implementation and examples. J.
Condens. Matter Phys. 2008, 20, 315203.

(70) Polesya, S.; Mankovsky, S.; Sipr, O.;
Meindl, W.; Strunk, C.; Ebert, H. Finite-
temperature magnetism of FexPd1−x and
CoxPt1−x alloys. Phys. Rev. B 2010, 82,
214409.

(71) Millard, K.; Leff, H. S. Infinite-Spin Limit
of the Quantum Heisenberg Model. J. Math.
Phys. 1971, 12, 1000.

(72) Stöhr, J. X-ray magnetic circular dichroism
spectroscopy of transition metal thin films.
J. Electron Spectros. Relat. Phenomena 1995,
75, 253.

17


