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A B S T R A C T

Permanent magnets containing rare earth elements are essential components for the electrification of society. Ce 
(Co1-xCux)5 permanent magnets are a model system known for their substantial coercivity, yet the underlying 
mechanism remains unclear. Here, we investigate Ce(Co0.8Cu0.2)5.4 magnets with a coercivity of ~1 T. Using 
transmission electron microscopy (TEM) and atom probe tomography (APT), we identify a nanoscale cellular 
structure formed by spinodal decomposition. Cu-poor cylindrical cells (~5–10 nm in diameter, ~20 nm long) 
have a disordered CeCo5-type structure and a composition Ce(Co0.9Cu0.1)5.3. Cu-rich cell boundaries are ~ 5 nm 
thick and exhibit a modified CeCo5 structure, with Cu ordered on the Co sites and a composition Ce 
(Co0.7Cu0.3)5.0. Micromagnetic simulations demonstrate that the intrinsic Cu concentration gradients up to 12 at. 
% Cu/nm lead to a spatial variation in magnetocrystalline anisotropy and domain wall energy, resulting in 
effective pinning and high coercivity. Compared to Sm2Co17-type magnets, Ce(Co0.8Cu0.2)5.4 displays a finer- 
scale variation of conventional pinning with lower structural and chemical contrast in its underlying nano
structure. The identification of nanoscale chemical segregation in nearly single-phase Ce(Co0.8Cu0.2)5.4 magnets 
provides a microstructural basis for the long-standing phenomenon of "giant intrinsic magnetic hardness" in 
systems such as SmCo5-xMx, highlighting avenues for designing rare-earth-lean permanent magnets via controlled 
nanoscale segregation.

Introduction

Permanent magnets containing rare earth elements are essential 
components in high-efficiency electric motors and energy conversion 
[1], which are crucial for the widespread electrification of 

transportation. Enhancing the performance of these magnets is a key 
technological challenge in the global effort to achieve net-zero carbon 
emissions [2]. Among the earliest rare-earth-based permanent magnets, 
SmCo5 and CeCo5 compounds were notable for demonstrating a signif
icantly higher maximum energy product BHmax compared to earlier 
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systems such as AlNiCo magnets [3]. Today, SmCo5-based materials 
serve as model systems for studying nucleation-type magnets [4–8], and, 
industrially, the Cu-enriched SmCo5 (1:5) phase plays a pivotal role in 
the development of Sm2Co17-type magnets with the composition Sm(Co, 
Fe,Cu,Zr)7±δ, acting as a pinning site for domain boundaries and thereby 
contributing to the high coercivity of these materials [9–13].

Compared to Sm, Ce is more abundant, less expensive, and consid
ered less critical from both economic and environmental perspectives 
[14]. As a result, Ce-containing permanent magnets are a promising 
alternative for applications that require a balance between performance 
and sustainability. These materials can bridge the gap between high-end 
SmCo- and NdFeB-based magnets and lower-performance systems such 
as AlNiCo. Binary SmCo5 magnets are classified as nucleation-type 
magnets [8], crystallizing in the hexagonal CaCu5-type structure 
(space group P6/mmm) [15,16]. Upon substitution of Co with Cu (up to 
~20 at %), the ternary compounds Sm(Co1-xCux)5 and Ce(Co1-xCux)5 
exhibit significant coercivity, reaching ~1 T after the proper heat 
treatment procedure known as ageing [3].

In the 1970s, it was concluded that Sm(Co1-xCux)5 and related sys
tems like YCo5-xNix, ThCo5-xNi, SmCo3-xNi, SmCo2-xNix, Sm2Co17-xAlx 
and others exhibit the so called “giant intrinsic magnetic hardness”, 
fundamentally distinct from fine-particle or precipitation-hardened 
magnets [17–20]. However, the origin of this phenomenon remained 
unclear. Around the same time, Leamy et al. [21], using electron 
diffraction in transmission electron microscopy (TEM), reported nano
scale precipitates with a Ce2Co17-type phase in CeCo₅ magnets, sug
gesting a pinning-type coercivity mechanism. However, no 
compositional data for these precipitates were provided. To our 
knowledge, these findings have not been independently reproduced or 
verified in the subsequent literature.

Later, Girodin et al. [22], studied a range of compositions from 
CeCo5 to CeCu5, and identified a solid-state miscibility gap, in which two 
CaCu5-type phases - one Co-rich and the other Cu-rich - coexist in 
thermodynamic equilibrium. This miscibility gap, with a critical tem
perature slightly above 800 ◦C, promotes phase separation and facili
tates the formation of microstructural features that act as effective 
domain wall pinning centers, enhancing coercivity. However, increasing 
Cu content concurrently lowers the saturation magnetization and the 
Curie temperature of the system [3,22], which can drop below room 
temperature, when the Cu concentration exceeds that of Co.

More recently, studies have shown that in Fe- and Cu-doped Ce(Co, 
Fe,Cu)₅ systems, dopants solubility significantly affects the thermal 
stability of the 1:5 matrix phase [23]. Low-temperature annealing leads 
to decomposition into 2:7 and 5:19 phases. Additionally, stacking faults 
in heat-treated samples have been proposed as a key contributor to the 
high coercivity. Further work [24] has shown that off-stoichiometric Ce 
(CoCu)5+δ sintered magnets exhibit improved magnetic performance 
over stoichiometric counterparts, emphasizing the importance of precise 
compositional control to optimize magnetic properties.

To address the uncertainties surrounding the nanostructural origin of 
the coercivity, we synthesized off-stoichiometric Ce(Co0.8Cu0.2)5.4 
crystals, optimizing both composition and heat treatment to achieve a 
high coercivity of approximately 1 T. We refer to these samples with the 
nominal composition Ce(Co0.8Cu0.2)5.4. We investigated the micro
structure, nanoscale structure (referred to as nanostructure in the 
following) and magnetic domain structure of these magnets using state- 
of-the-art characterization techniques across different length scales, 
including magnetic force microscopy (MFM), Fresnel defocus imaging 
and off-axis electron holography (EH) in Lorentz TEM, and atom probe 
tomography (APT). Our analyses reveal a distinct cellular structure 
composed of elongated, Cu-poor cylindrical cells (~5–10 nm in diam
eter and ~20 nm in length, ~6 at % Cu below average), enclosed by ~ 5 
nm thick Cu-rich cell boundaries (~6 at % Cu above average). Contrary 
to Leamy et al. [21], we found no evidence of a Ce2Co17 phase within the 
sample. Instead, cell boundaries appear to host a modified CeCo5 phase 
with ordered Cu substitution on Co-sites. We propose that this 

high-density network of Cu concentration gradients forms an array of 
effective nanoscale domain wall pinning sites. This aligns with previous 
findings that Cu significantly alters domain wall energy in Sm(Co1-x

Cux)5 magnets [25]. Thus, with increasing Cu content, the coercivity 
mechanism in Ce(Co1-xCux)5 shifts from a nucleation-dominated to a 
pinning-dominated regime at roughly 25 at % Cu [3], driven by the 
emergence of a nanoscale, compositionally modulated nanostructure.

Methods

Synthesis and mesoscale characterization

High-purity elemental metals - cerium (Ce), cobalt (Co), and copper 
(Cu), each with a purity above 99 % - were weighed according to the 
nominal composition Ce(Co0.8Cu0.2)5.4 and subsequently alloyed by in
duction melting in argon atmosphere. The resulting 50 g alloy ingot was 
sealed, under argon atmosphere, in quartz ampoules for heat treatment. 
Homogenization and aging temperatures were selected based on the 
pseudo-binary Ce(Co₁₋ₓCuₓ)₅ (x = 0…1) phase diagram [22], targeting 
the fully miscible region for homogenization and the miscibility gap for 
aging.

The 50 g ingot of Ce(Co0.8Cu0.2)5.4 was homogenized at 1100 ◦C for 2 
h, followed by rapid quenching in water. The ingot was then divided into 
two parts. The first part, used directly after the homogenization treat
ment, is referred to as the low coercivity (low Hc) sample. The second 
part underwent an aging treatment at 400 ◦C for 4 h, followed by water 
quenching, and is referred to as the high coercivity (high Hc) sample. Ce 
(Co0.8Cu0.2)5.4 nearly single crystalline grains of 1–2 mm in size were 
extracted from both, the homogenized and annealed ingots using the 
preparation route described in [8]. The term “nearly single crystalline” 
highlights that the samples contain two variations of the Ce(Co₁₋ₓCuₓ)₅ 
(1:5) phase, which differ in their degree of Cu-ordering but are struc
turally coherent and closely related, as discussed below. The crystal 
quality of the grains was confirmed by Laue diffraction.

Around 1 mm large nearly single crystalline samples of Ce 
(Co0.8Cu0.2)5.4 were measured in a vibrating sample magnetometer 
(VSM) integrated in a physical property measurement system (Quantum 
Design, PPMS-14). For microstructure analyses, polycrystalline samples 
with a diameter of around 1 cm were embedded in a conductive epoxy, 
mechanically grinded and polished. Surface morphology and crystallo
graphic orientation at the micrometer scale were characterized using 
scanning electron microscopy (SEM, FEI Helios Nanolab 600i) in back
scatter electron (BSE) and secondary electron (SE) modes, along with 
electron backscatter diffraction (EBSD, Zeiss SIGMA 500). Chemical 
composition was measured using energy dispersive X-ray spectroscopy 
(EDX, TESCAN VEGA3).

The crystal structures were determined using X-ray diffraction for 
powder samples (XRD, STOE diffractometer in transmission mode with a 
molybdenum Kα source) and backscattered Laue diffraction for nearly 
single crystalline samples.

Nanoscale composition and microstructure analysis

For the nanoscale composition analysis, needle-shaped specimens 
were extracted using a focused ion beam (FIB) from selected regions of 
the polished alloy surface in a dual-beam SEM/FIB system (FEI Helios 
Nanolab 600i). The procedure by Thompson et al. [26] was followed, 
with final milling performed with a low energy 5 keV Ga beam to 
minimize beam induced damage. These needle-shaped specimens were 
investigated using a CAMECA LEAP 5000 XR atom probe, equipped with 
a local electrode and a reflectron system. Analyses were performed at 40 
K under ultra-high vacuum conditions (10–10 mbar) using a pulsed UV 
laser (355 nm wavelength, 10 ps pulse duration, 40 pJ pulse energy, 
200 kHz pulse rate, and 1–3 % detection rate), yielding spatial and 
chemical data for ~50 million atoms per specimen. The analysis of APT 
data was performed with the AP Suite software v.6.3 by CAMECA and 
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using the data processing technique reported in Ref. [27].
A TEM lamella for conventional TEM imaging studies was prepared 

by cutting a slice of approximately 100 µm thickness of a bulk sample. 
Subsequent thinning down to an electron transparent lamella was ach
ieved by a two-step ion milling process using a Gatan 691 Precision Ion 
Polishing System (PIPS). First the angles and ion beam energy were set 
to 8◦ and 5.5 keV, respectively, and milling was done until a small hole 
was observed in the sample center. In the second step, an angle of 2◦ and 
an ion beam energy of 2 keV were used in order to remove the damage 
from the previous step of milling. Bright-field (BF) TEM imaging and 
selected-area electron diffraction (SAED) measurements were carried 
out in a conventional transmission electron microscope (JEOL JEM 
2100F). High-resolution high angle annular dark field (HAADF) scan
ning TEM (STEM) imaging was carried out in an aberration-corrected 
system (JEOL JEM-ARM200F) operated at 200 kV.

Electron-transparent specimens for magnetic imaging TEM studies 
were prepared using Ga+ sputtering and a conventional lift-out method 
with a dual-beam SEM/FIB system (FEI Helios Nanolab 600i). The TEM 
specimens were imaged at remanence under magnetic-field-free condi
tions (Lorentz mode) using a spherical aberration-corrected microscope 
operated at 300 kV (FEI Titan 80–300). Fresnel defocused images were 
acquired in Lorentz mode, where contrast at a defocus of δz revealed 
bright (convergent) and dark (divergent) features at the locations of 
magnetic domain walls (DWs). Magnetic field was applied to the TEM 
specimen using the conventional objective lens of the microscope. 
Fresnel images and electron holograms were recorded using a direct- 
electron counting detector (Gatan K2-IS), and processed with the 
Gatan Microscopy Suite software. The electron biprism voltage typically 
ranged from 90 to 130 V, producing a fringe spacing of 3 nm with a 
contrast of 40 %.

Micromagnetic simulations

Micromagnetic simulations were carried out using the open-source 
GPU-accelerated finite-difference (FD) program mumax3 [28]. We 
consider the free energy F of the magnetic system with the domain 
volume Ω as 

F
(

M→,Hext
̅̅→

)
=

∫

Ω

[
A

M2
s

(
∇
→⋅M→

)2
−

Ku

M2
s

(
u→⋅M→

)2
− μ0

(
1
2
Hdm
̅̅→⋅M→+Hext

̅̅→⋅M→
)]

dV,

where u→ is the uniaxial vector and is identical to the magnetocrystalline 
easy axis for all coherent phases. H→ and M→ are respectively the magnetic 
field and magnetization vectors, Hext

̅̅→ is the external field, and Hdm
̅̅→ is the 

demagnetizing field.
We acknowledge that in single crystals with nanoscale compositional 

variations in Co/Cu, the local micromagnetic parameters of the 1:5 
lattice cannot be determined with high precision (atomic resolution) by 
direct measurement. To approximate concentration-dependent trends 
for micromagnetic simulations, we therefore characterized homoge
nized single crystals across the Ce(Co1-xCux)5 system. Although bulk 
samples are prone to spinodal decomposition even under rapid 
quenching (102–103 K/s), measurable trends remain resolvable. From 
these, we extract the Cu-dependent evolution of anisotropy constants, 
spontaneous magnetization, Curie temperature, and the exchange stiff
ness parameter derived from TC(x), providing a reliable first-order 
approximation of micromagnetic property scaling with local Cu con
centration. Thus, the 1st order uniaxial anisotropy constant Ku, the 
saturation magnetization Ms are concentration-dependent exchange 
parameters were measured for a series of Ce(Co₁₋ₓCuₓ)5.4 (x = 0…0.3) 
single grain samples: The temperature-dependent measurements are 
shown in the supplementary Figure. S1, and fitted room temperature 
values appear in Fig. 1b1 and b2.

For simplicity the exchange stiffness parameter A was approximated 
as Cu-independent and calculated using the relation ldw = π

̅̅̅̅̅̅̅̅̅̅̅̅
A/Ku

√
, 

where the 180◦ Bloch-type domain wall width of ldw = 4.3 ± 0.6 nm was 
determined by TEM magnetic imaging (cf. Fig. 6f), and the uniaxial 
anisotropy constant of Ku = 1.46 MJm− 3 of Ce(Co0.8Cu0.2)5.4 was taken 
(Fig. 1b1, x = 0.2). The magnetization evolution was computed by the 
over-damped Landau-Lifshitz equation, based on the steepest conjugate 
gradient (SCG) method [29,30] with: 

m→(i+1)
− m→(i)

Δ(i) = m→(i)
×

1
μ0Ms

[

m→(i)
×

δF

δm→(i)

]

Fig. 1. Setup of the micromagnetic simulations: (a) Schematic of the parameterized nanostructure with a 180◦ Bloch wall along z-axis (out-of-plane the easy axis). An 
external magnetic field is applied along z-direction to simulate the magnetization reversal. (b1-b2): experimentally fitted Cu concentration dependency of the 1st 
order uniaxial anisotropy constant Kuand the saturation magnetization Ms, respectively. (c1-c3) Spatial profiles across the concentration-gradient regions of (c1) Cu 
concentration x = XCu in Ce(Co1− xCux)5.4, (c2) Ku and (c3) Ms.
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m→≡ M→
/

Ms, subjectto|m→| = 1 

where Δ(i) is the iteration step size at i th iteration.
The simulation domains with a size of 104×92×8 nm3 were dis

cretized by the finite difference (FD) meshes with a grid size of 
0.5×0.5×0.5 nm3. Based on nanostructures observed experimentally, Ce 
(Co0.8Cu0.2)5.4 was modeled as a periodic structure comprising Cu-poor 
circular cells (diameter m = 8 nm), surrounded by the concentric 
concentration-gradient regions of n/2 in width (and n = 5 nm), 
embedded in the Cu-rich “matrix”, representing cell boundaries 
(Fig. 1a). Maximum and minimum Cu concentrations XCu were 
approximated as constants based on frequent values observed by APT. 
The XCu-profiles in the concentration gradient regions were modelled 
using Gaussian functions (Fig. 1c1), and used to determine the spatially 
dependent Ku and Ms profiles, shown in Fig. 1c2 and 1c3, based on fitted 
data Ku(XCu) and Ms(XCu) (Fig. 1a1 and a2).

Based on input from EBSD and APT, discussed below, the easy axis of 
the nanostructure was oriented along the z (out-of-plane) direction. The 
initial configuration included a reversed magnetic domain with 
magnetization vector M→ is anti-parallel to the easy axis, and a with a 
180◦ Bloch wall.

As the Hdm
̅̅→ is calculated directly by the magnetostatic convolution of 

magnetization configuration over the simulation domain [28,31], ge
ometry of the simulation domain as well as the boundary condition can 
significantly affect the resolved demagnetization process. To emulate 
the demagnetization field in the bulk, the periodic boundary condition 
(BC) was applied on the two boundaries perpendicular to the z direction 

by macro geometry approach [32], while the Neumann BC was applied 
on other boundaries [28]. It is worth noting that a simulation domain 
with gridsize 

(
Nx, Ny,Nz

)
with the non-zero PBC factors 

(
Px, Py,Pz

)
by 

macro geometry approach correspond approximately to a domain of 
gridsize 

(
2PxNx, 2PyNy,2PzNz

)
. In this case the only non-zero PBC factor 

Pz = 4, given the deviation of 5 % in-plane demagnetizing factor from 
the analytical one on an infinitely long domain [28].

Results

Mesoscale microstructure characterization

Fig. 2a shows the magnetic hysteresis curves, including the initial 
magnetization curves, for the homogenized and aged samples. The ho
mogenized low Hc sample exhibits a coercivity of Hc = 0.48 T and a 
remanence of M = 50 Am2/kg. The aged high Hc sample shows Hc =

1.02 T with a slightly lower M = 41 Am2/kg. Reported values are in
dependent of sample shape, as hysteresis data were corrected for the 
demagnetization factor. In both cases, the coercivity mechanism is 
pinning-type, as evidenced by the flat slope of the initial magnetization 
curves at low fields and the partial hysteresis loops shown in supple
mentary. Fig. S2a-b. A closer examination of the initial magnetization 
curves reveals a two-step change in slope for the high Hc sample, with a 
depinning field of 1 T In contrast, the low Hc sample exhibits a single- 
step slope change at a lower depinning field of 0.4 T, consistent with 
the observed coercivity trend. Additional magnetometry analyses 
including low temperature loops and B-H loops can be found in sup
plementary Fig. S2.

Fig. 2. Structural and magnetic characterization of Ce(Co0.8Cu0.2)5.4 single grains after different heat treatments: homogenized low Hc sample and aged high Hc 
sample. (a) Hysteresis and initial magnetization curves for the low and high Hc samples. (b) XRD patterns for the high Hc sample (blue) with a theoretical CeCo5 
pattern (red) and CeCu5 peak positions (orange). (c) Laue diffraction pattern for the high Hc sample. (d-e) BSE-SEM images for low and high Hc samples, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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XRD and Laue diffraction results for a single grain of the high Hc 
sample are shown in Fig. 2b and 2c. The Miller indices of the Ce 
(Co0.8Cu0.2)5.4 peaks with high intensity are indicated and the Bragg 
peak positions for CeCu5 as well as a simulated CeCo5 pattern are pro
vided for comparison. The peaks of Ce(Co0.8Cu0.2)5.4 align with CeCo5, 
showing a minor left-shift likely due to Cu-substitution, as the unit cell of 
CeCu5 is ~11 % larger than CeCo5 [15,16], and a slight Ce deficiency. 
The Laue diffraction pattern of Ce(Co0.8Cu0.2)5.4 in Fig. 2c shows no 
evidence of secondary phase or twinning, confirming that the aged, 

off-stoichiometric sample retains the CeCo5 structure.
It is important to note that in Ref. [23], Ce(Co1-xFex)4.4Cu0.6 (0 ≤ x ≤

0.19) single crystals were investigated, and based on TEM and Lorentz 
microscopy of well-aligned single-grain particles the authors concluded 
that the magnetic domains’ reversal mechanism is regulated by anisot
ropy fluctuations occurring along the easy direction of magnetization 
and strong exchange interactions between the matrix and defects such as 
stacking faults and nano-distribution of the secondary 2:7/5:19 phase. 
In contrast, our Ce(Co0.8Cu0.2)5.4 single crystals show no stacking faults 

Fig. 3. 3D APT data comparing low Hc and high Hc samples of Ce(Co0.8Cu0.2)5.4. (a-b) 3D APT reconstructions of low Hc and high Hc samples, respectively, with Co 
(dark blue), Ce (red), Cu(light blue). (c-d) 2D Cu concentration maps from 10 nm thick slices indicated in (a-b) revealing chemical modulation. (e-f) 1D concentration 
profiles extracted from cylinders (5 nm diameter, 100 nm length) highlighted in (c-d). (g) Relative concentration frequency analysis for each element, calculated from 
100-atom cubic volumes, showing compositional distributions f (top), and distribution differences Δf = f high Hc − f low Hc , (bottom). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.).
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or 2:7/5:19 phase inclusions, yet exhibit high coercivity. This indicates a 
fundamentally different origin of pinning in our system, which we 
elucidate through complementary TEM/ APT analysis supported by 
micromagnetic simulation.

Fig. 2d and 2e show representative BSE SEM images acquired from 
single grains of the high Hc and low Hc samples, respectively. Both im
ages confirm homogeneous, single-phase state at the mesoscale. The 
composition Ce(Co0.81Cu0.19)5.33, determined by EDX, closely matches 
the nominal stoichiometry. BSE SEM and EBSD analyses of the poly
crystalline high Hc sample (supplementary Fig. S3) reveal large grains of 
~100–500 µm with a high degree of texture and low misorientation 
angles < 3◦

Since no mesoscale differences in microstructure or composition are 
observed between the samples, yet they exhibit different coercivities, we 
expect differences to arise at the nanoscale in terms of composition and/ 
or structure, similar to the precipitates reported by Leamy et al. [21] for 
Ce(Co,Fe,Cu)5. To investigate this, we employ a combination of 
high-resolution structural, chemical and magnetic analyses using TEM 
and APT.

High-resolution compositional mapping

Comparison of nanostructure and composition in low Hc and high Hc 
samples

Fig. 3 shows the APT analysis of the low and high Hc samples. Their 
compositions, Ce(Co0.82Cu0.18)5.27 and Ce(Co0.83Cu0.17)5.18, match the 
nominal stoichiometry with a slight Ce excess (cf. supplementary Table 
S1), consistent with EDX. While 3D reconstructions, shown in Fig. 3a 
and 3b, appear similar, 2D Cu concentration maps, extracted from 10 nm 
thick slices through the reconstructed 3D point cloud, reveal significant 
differences (Fig. 3c and 3d): both samples show quasi-periodic Cu 
fluctuations consisting of Cu-poor and Cu-rich regions, but the high Hc 
sample spans a wider range of 0 − 35 at % Cu (violet-yellow contrast in 
Fig. 3d), whereas the low Hc sample only varies between 10 − 20 at % Cu 
(blue-green contrast Fig. 3c), indicating stronger local inhomogeneity 
for the high Hc sample. This is also reflected in the average compositions 
of these regions (cf. supplementary Table S1): in the low Hc sample, the 
Cu-poor regions are ~4 at % Cu below average and Cu-rich regions ~6 
at % above average, corresponding to Ce(Co0.86Cu0.14)5.10 and Ce 
(Co0.75Cu0.25)5.42, respectively. In contrast, the fluctuations are more 
pronounced in the high Hc sample, with Cu-poor regions being ~6 at % 
below and Cu-rich regions ~6 at % Cu above average, translating to Ce 
(Co0.90Cu0.10)4.95 and Ce(Co0.76Cu0.24)5.34.

This is further confirmed by 1D composition profiles (Fig. 3e and 3f) 
that show a higher maximum Cu concentration of ~40 at % in the high 
Hc sample compared to ~30 at % in the low Hc sample, corresponding to 
Ce(Co0.56Cu0.44)5.25 and Ce(Co0.70Cu0.30)5.22. For both samples, the local 
Ce concentration varies only slightly (16 ± 5 at.%), whereas Co and Cu 
concentrations show high variance (±20 at.%) and anti-correlation, 
visually seen as “mirrored” Co/Cu graphs. These findings are consis
tent with CeCo5-type ordering, where Cu occupies Co-sites on the 
transition metal sublattice, while the Ce rare-earth sublattice remains 
mostly undisturbed, supporting the XRD and Laue results.

Relative concentration frequency analysis, which considers the full 
volume of APT data [33], quantitatively confirms stronger Cu-Co sep
aration in the high Hc sample, as shown in Fig. 3g Cu-poor (0–10 at. %) 
and Cu-rich (25–40 at. %) regions are more prevalent, while interme
diate Cu concentrations (10–25 at. %) are underrepresented, as reflected 
in the distributions in the top graph and more clearly highlighted by the 
differences in the bottom graph. Co shows a corresponding mirrored 
trend, whereas Ce distributions remain nearly identical between the 
samples.

Morphologically, the low Hc sample contains irregular features on 
the length scale of 5 nm without any apparent spatial pattern (Fig. 3c). 
In contrast, the high Hc sample displays larger, aligned features with a 

stronger chemical separation (Fig. 3d): elongated Cu-poor regions, 5–10 
nm thick and 20 nm long, exhibit a preferential alignment with their 
long axes nearly parallel to one another, separated by ~5 nm thick Cu- 
rich regions. Note that the APT analyses presented so far were performed 
on specimens prepared from grains of a non-specifically selected crys
tallographic orientation. The c-axis direction could not be determined 
retrospectively through APT-based crystallographic analysis [34].

Crystallographic orientation analysis of the nanostructure in the 
high Hc sample

To determine the crystallographic alignment of the elongated Cu- 
rich and Cu-poor features, EBSD was performed first in order to pre
pare APT specimens with the [001] direction of the CeCo5 structure 
nearly parallel to the specimen axis, as demonstrated in Fig. S4. APT 
crystallographic analysis [34] confirms this orientation, as described in 
Figure. S5.

Fig. 4 compiles APT data from the crystallographically oriented high 
Hc sample, with the c-axis indicated. In 3D reconstructions in Fig. 4a and 
4b, elongated Cu-poor and Cu-rich features align closely with the c-axis, 
with deviation angles below 20◦ Three ~5 nm thick slices were 
extracted from the reconstructions for further analysis.

The xy slice in Fig. 4c-d shows a cross-section view of the structure, 
consisting of distorted oval Cu-poor cells, 5 × 10 nm2 in size, con
taining around 0 at % Cu, separated by ~5 nm thin Cu-rich cell bound
aries, exhibiting ~20–30 at % Cu. Local Cu maxima exceeding 30 at % 
occur at intersections of three cell boundaries, as shown in the 2D Cu 
concentration map in Fig. 4d These points potentially act as stronger 
pinning sites for magnetic domain walls, as the coercivity of the iso
structural SmCo5 phase is known to increase as a function of Cu con
centration [11]. Rare-earth-to-transition-metal ratios, Ce/(Co+Cu), 
derived from 1D profiles (Fig. S6) fluctuate around 1 : 5 = 0.2, indi
cating the predominance of the 1:5 phase in the sample. Only in isolated, 
Cu- and Ce-deficient cells (cf. 2D chemical maps in the supplementary 
Fig. S7), does this ratio approach 2/17 ≈ 0.12, suggesting occasional 
local 2:17-like cells. The xz slice in Fig. 4e-f shows the side view of the 
structure, with roughly rectangular, ~20 nm long cells, which can be 
approximated as Cu-poor cylinders, separated by Cu-rich boundaries. 
The yz slice in Fig. 4g-h, taken near a “pole” of APT data with enhanced 
spatial resolution [35], reveals Co-rich planes that are continuous across 
the cell and cell boundary interface, indicating crystallographic co
herency. Note that the Co-Co distance, determined from the spatial 
distribution map [36] (inset of Fig. 4h), was calibrated to match the c 
lattice constant of CeCo5 (c = 0.4019 nm [1]), identifying the Co-rich 
planes as (001) planes.

The stronger chemical segregation in the high Hc sample indicates a 
connection between pinning strength and the degree of chemical 
segregation of the cellular structure. TEM microstructure and magnetic 
imaging were performed on the high Hc sample to further investigate 
this mechanism.

High-resolution microstructural and magnetic imaging of the 
high Hc sample

Microstructure imaging

Fig. 5 presents a comprehensive TEM analysis of the high Hc Ce 
(Co0.8Cu0.2)5.4 sample, imaged with c-axis out of plane. In Fig. 5a, a 
bright-field TEM image shows a chemically homogeneous matrix. Closer 
inspection of the higher magnification BF-TEM image from the same 
area along the [001] zone axis, shown in Fig. 5b, reveals contrast vari
ations on the ~10 nm scale. The observed contrast could be due to 
compositional variation, consistent with the chemically modulated 
cellular structure observed via APT. The atomic-resolution HAADF 
STEM image (Fig. 5c) matches the hexagonal CeCo5 (P6/mmm) struc
ture. The corresponding fast Fourier transformed (FFT) image pattern 
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Fig. 4. APT analysis of the crystallographically oriented high Hc Ce(Co0.8Cu0.2)5.4 sample, with the [001] axis oriented almost parallel to z-axis of the APT 
reconstruction. (a-b) 3D APT reconstructions without and with visualizing Cu-poor cylindrical features (cells) using a 4 at % Cu isovalue, respectively, with atoms of 
Co (dark blue), Ce (red), Cu (light blue). (c-d) 3D reconstruction and 2D Cu concentration map of the xy slice (10 nm thick, extracted from (a) with c-axis out of 
plane) revealing a cross-sectional view on the cellular nanostructure with Cu-poor cell and Cu-rich cell boundaries. (e-f) 3D reconstruction and 2D Cu concentration 
map of the xz slice (10 nm thick, extracted from (a) with c-axis in plane), showing elongated cylindrical morphology with preferential orientation to the c-axis in side 
view. (g-h) Low and high magnification 3D reconstruction of the yz slice, extracted from (b) with c-axis in-plane, close to the (001) pole, revealing Co-rich (001) 
atomic planes that are continuous across the cell/cell boundary interface. Inset: Spatial distribution map from a 3 × 5 × 35 nm3 cube used to extract Co-Co spacing. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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(Fig. 5d) agrees with the simulated pattern (Fig. 5g), showing no addi
tional reflections. This suggests that Cu atoms are randomly distributed 
on the Co-sublattice in the CeCo5 structure (Fig. 5f), which is reasonable 
given the small atomic radius difference between Co and Cu of <3 %.

However, a high-index diffraction pattern acquired along the 
[− 1–12] zone axis (Fig. 5e) reveals additional satellite reflections, 
indicating the presence of a structurally modified phase in the matrix of 
the sample. Similar satellite peaks were consistently observed in other 
high-index diffraction patterns of the matrix (see supplementary Fig. 
S8). Although no structural model was able to reproduce these satellite 
peaks observed for the [− 1–12] zone axis or higher zone axes, insights 
into their origin were gained by analyzing the Cu-rich GB precipitates in 
the same sample. Diffraction patterns from these precipitates, acquired 
along the [001] zone axis, also contained similar satellite reflections, as 
shown in supplementary Fig. S9. In this case, the satellite peaks were 
successfully reproduced in a simulated diffraction pattern (Fig. 5i) by 
assuming a structurally modified CeCo5 (P6/mmm) phase, referred to as 
Cu-ordered CeCo5 phase. This phase features an ordered arrangement of 

Cu atoms on Co sites on one of the six symmetry-equivalent [100] di
rections, as depicted in Fig. 5h. Although the satellite peaks in the [001] 
diffraction pattern could also be interpreted as originating from the 
Ce2Co17 phase as proposed by Leamy et al. [21], our data supports the 
CeCo5-type structure for three reasons: (1) the Ce distribution observed 
in STEM-EDX is uniform (supplementary Fig. S9); (2) the 
rare-earth-transition-metal ratio determined by APT is Ce

Co+Cu ∼ 1
5.4, 

consistent with the intended stoichiometry (supplementary Fig. S6); and 
(3) the satellite peaks observed in higher-order diffractions patterns 
(supplementary Fig. S8) are incompatible with the presence of the 
Ce2Co17 phase.

Since satellite peaks appeared in the diffraction patterns of both, the 
matrix and GB precipitates, we suggest that the Cu-ordered CeCo5-phase 
is also present within the matrix. Given that Cu-ordering was associated 
with higher Cu-content in GB precipitates, we propose that this Cu- 
ordered CeCo5 phase is localized in the Cu-rich cell boundaries of the 
matrix, as observed by APT. In contrast, Cu-poor cells likely exhibit a 
conventional CeCo5 phase. Therefore, diffraction patterns from the 

Fig. 5. TEM characterization of the Ce(Co0.8Cu0.2)5.4 high Hc sample: (a) Bright-field TEM image showing a homogeneous matrix. (b) High-magnification BF-TEM 
imageand (c) atomic-resolution HAADF STEM images of the matrix (detector semi-angle 90–370 mrad). (d) Fast Fourier transformed image of b, (e) High-index 
diffraction pattern along the [− 1–1 2] zone axis showing satellite reflections, as indicated by yellow arrows. (f,g) Structural models with 3 × 3 × 1 cells of sim
ple CeCo5 and CeCo5 with Cu-ordering in lines on Co-cites. (g,i) Simulated diffraction along the [001] zone axis using the structural models in (f,h). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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matrix likely represent a superposition of the two structural variants of 
the CeCo5 phase. Interestingly, the ordering-related satellite peaks are 
not visible [001] zone axis, but appear only in higher order zone axis – a 
phenomenon that requires further analyses.

Note that the cellular structure in the matrix on the nm scale, as 
observed by APT, could not be directly resolved by TEM due to a rela
tively thick lamella of about 100 nm, limiting resolution of the fine 
chemical modulation.

Magnetic domain imaging

Fig. 6 shows the TEM-based magnetic domain imaging in the Ce 
(Co0.8Cu0.2)5.4 high Hc sample, analyzed with the c-axis in-plane. In 
Fig. 6a, the HAADF STEM image reveals compositional contrast asso
ciated with Cu and Co distribution. The corresponding fast Fourier 
transform (FFT) pattern (inset of Fig. 6a), confirms the [0–10] zone axis 
of the hexagonal (P6/mmm) structure. The atomic-resolution HAADF 
STEM image (Fig. 6b) was processed using a high-pass filter to enhance 
compositional contrast: Cu-rich regions (ZCu = 29) appear blue, and Co- 
rich regions (ZCo= 27) appear red, according to HAADF STEM intensity 
scaling with the atomic number as I∝Z2. These observations are 
consistent with APT results (Fig. 4d1 and d2) showing Cu-rich cell 
boundaries and Cu-poor cells.

Mesoscale domain structure imaging by MFM with the nominal c- 
axis out of plane for the high Hc sample, shown in Supplementary Fig. 
S10, reveals fine magnetic domains approximately 0.5 µm in size. This 
fine domain structure is more characteristic of precipitation-hardened 
2:17-type SmCo magnets with a cellular structure [37] than of 
single-crystalline SmCo5 magnets [3,23], consistent with the cellular 
structure observed by APT. The nanoscale domain structure is charac
terized using an underfocused Fresnel image, shown in Fig. 6c, acquired 
under zero field conditions following a 1 T field application along the 
c-axis. The resulting magnetic domains are separated by characteristic 
zigzag domain walls (DW) that appear with bright/dark contrast in the 

Fresnel image. The zigzag-like pattern may arise from interactions be
tween the DWs with the cellular nanostructures, whose long axes deviate 
up to 20◦ from the c-axis, as observed by APT in Fig. 4.

Off-axis EH [38] was further used to reconstruct the projected 
magnetic induction map using the electron wave phase shift ϕ (Fig. 6d), 
in the DW region highlighted in Fig. 6c. The magnetic and electrostatic 
contributions to the phase shift were not separated in this analysis, as the 
lamella thickness was uniform, resulting in a constant electrostatic 
contribution to the phase shift. The magnetic induction map reveals the 
field distribution around the DWs with segments of 180◦ and 90◦

magnetization rotation.
To quantify the width of the 180◦ DW, the differential (∂ϕ/∂x) of the 

recorded phase shift (Fig. 6e) was fitted in the corresponding region 
using the hyperbolic tangent model of the form: y = y0 ± a⋅tanh((x −

x0)/w), where y0, a, x0, and w are constants obtained from the fit and 
the domain wall width δw is given by δw = πw. The resulting DW width 
was determined to be 4.3 ± 0.6 nm (Fig. 6d) for Ce(Co0.8Cu0.2)5.4 high 
Hc sample, comparable to reported values for NdFeB, 1:5-type SmCo and 
2:17-type SmCo permanent magnets (2–6 nm) [39].

Micromagnetic simulation of high and low Hc samples

Magnetometry, TEM and APT measurements indicated that the Cu/ 
Co gradients in the cellular structure of Ce(Co0.8Cu0.2)5.4 are correlated 
with more effective DW pinning, and consequently, higher coercivity. 
To understand the influence of Cu concentration XCu and its spatial 
gradient on the magnetization reversal and the coercivity field Hc, we 
performed micromagnetic simulations on the parameterized nano
structures, based on our APT, TEM and magnetic imaging results, pre
sented in Fig. 7.

The parameterized nanostructure consists of the periodic Cu-poor 
cylindrical cells surrounded by Cu-rich cell boundaries, we the Cu- 
concentration follows a continuous gradient. Tilt angles of the cellular 
structure were neglected, and the dimensions of the cellular structure 

Fig. 6. Magnetic imaging of Ce(Co0.8Cu0.2)5.4 high Hc sample: (a) HAADF STEM image and inset FFT pattern along [0–10] zone axis, showing chemical contrast. (b) 
High-pass-filtered atomic-resolution HAADF STEM image highlighting Cu-rich (blue) and Cu-poor (red) regions. (c) Fresnel Lorentz TEM image, showing black and 
white contrast at the positions of zigzag DWs, nucleated under applied field B = 1T. The image is recorded in magnetic-field-free conditions at a defocus of 1 mm. (d) 
Magnetic induction map extracted from off-axis EH of a DW region from (c) indicated by a yellow dotted square. The contour spacing is π/5 rad. Arrows and colors 
indicate projected in-plane magnetic field directions. (e) Differential phase shift across the 180◦ DW used for (f) DW width measurement, with δw= 4.3 ± 0.6 nm 
extracted by tanh-fitting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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were kept constant. The spatially varying XCu profiles were approxi
mated assuming a constant minimum concentration Xmin

Cu in the cells and 
Gaussians peaking at a maximum concentration Xmax

Cu in the cell 
boundaries, with Xmin

Cu , Xmax
Cu values derived from APT 1D profiles (see 

Fig. 7. Micromagnetic simulations comparing demagnetization in high and low Hc Ce(Co0.8Cu0.2)5.4 nanostructures, denoted as high-gradient and low-gradient 
XCu-profiles, respectively. (a) Simulated demagnetization curves (left) and schematic of the nanostructure with the Cu-gradients, with highlighted effective 
pinning direction and domain wall (DW) migration zone (right). (b1-b4) High-gradient XCu profile domain configurations at selected applied fields μ0Hext marked in 
(a), with marked DW location and pinning sites. (c1-c4) Low-gradient XCu profile domain configurations under the same conditions.

Fig. 8. Schematic representations of the coercivity mechanism in Ce(Co0.8Cu0.2)5.4. (a) High Hc sample: pronounced chemical contrast and preferred orientation of 
Cu-poor cylindrical cells leads to strong pinning at Cu-rich cell boundaries. (b) Low Hc sample: weaker compositional contrast and random cell orientation reduce 
pinning effectiveness. The DW (dashed line) propagates more easily through the less segregated structure.
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Fig. 3a3 and b3). Two representative cases were implemented:
High-gradient profile: approximates the high-Hc sample nano

structure with Xmin
Cu = 0.00 and Xmax

Cu = 0.25
Low-gradient profile: mimics the low-Hc sample Xmax

Cu = 0.20 and 
Xmin

Cu = 0.10
Micromagnetic parameters - magnetocrystalline anisotropy Ku and 

the saturation magnetization Ms – were modeled as functions of local Cu 
concentration XCu, in line with experimental results introduced in the 
Methods section 2.3. Since both parameters decrease with increasing Cu- 
content XCu, the gradient in XCu leads to a spatial gradient in DW energy, 

according to σB
dw ∼

̅̅̅̅̅̅̅̅̅
AKu

√
for Bloch walls and σN

dw ∼

̅̅̅̅̅̅̅̅̅̅

AM2
s

√

for Néel 
walls, where A is the exchange stiffness. The DW energy is expected to 
create local energy valleys at Cu-rich cell boundaries, acting as pinning 
sites during DW motion.

Fig. 7b1-b4 and 8c1-c4 display the transient domain configurations of 
the high- and low-gradient profiles, respectively, at applied fields indi
cated in the demagnetization curves in Fig. 7a. Both systems were 
initialized with an identical reversed domain configuration (cf. Methods 
section 2.3, Fig. 1a), allowing a direct comparison of domain evolution. 
To simplify the simulation, a straight domain wall was assumed, dis
regarding the zigzag geometry observed via holography.

At near-zero field of − 0.05 T, the first jump of the curves represents 
the energetically preferred domain configurations (Fig. 7b1 and c1) 
where the domain walls are effectively pinned at the Cu-rich boundaries. 
The lower remanent magnetization of the low-gradient structure 
resulting in an overall lower magnetization value. As the external field 
increases, multiple discrete magnetization jumps are observed in the 
demagnetization curves (Fig. 7a), each corresponding to a DW depin
ning events from Cu-rich boundaries. The direction of DW propagation 
relative to the XCu gradient is critical: DWs moving perpendicular to the 
gradient across the cell boundaries encounter stronger pinning in 
contrast to nearly free propagation within the Cu-poor cells denoted as 
DW migration zone. This alternation is visible in both structures, but 
depinning events are more frequent in the low-gradient structure.

At a higher field of − 0.11 T (Fig. 7b2 and 8c2), the DW in the low- 
gradient structure experienced seven depinning events and propagated 
significantly. In contrast, the DW of the high-gradient profile underwent 
only a single depinning event and hardly moved. The same trend is 
observed for higher fields (Fig. 7b3-b4 and 8c3 -c4) up to − 0.22 T, 
implying less effective pinning and in the low-gradient structure. The 
coercivity of the high-gradient structure is roughly doubled (µ0Hc 
~0.22T) compared to the low-gradient structure (µ0Hc ~0.09T), 
corroborating the experimental results.

The underestimation of the simulated coercivity values likely arises 
from assumptions such as the presence of pre-nucleated reverse do
mains, the omission of structural effects due to Cu ordering, and un
certainties in the assumed intrinsic properties, as discussed in the 
following section in more detail.

Micromagnetic simulations confirm that a steeper Cu-gradient in
creases the pinning strength, and thereby coercivity, due to a higher DW 
energy contrast between Cu-poor cells and Cu-rich cell boundaries.

Discussion

In order to address the uncertainties surrounding the nanostructure 
and magnetization reversal mechanism in Ce(Co0.8Cu0.2)5.4 reported in 
the literature, we compared two samples that had been subjected to 
different thermal treatments: a homogenized low Hc sample with μ0Hc =

0.5 T, and a homogenized and subsequently aged high Hc sample with 
μ0Hc = 1 T. This comparison raised four fundamental questions in this 
study: 

• What is the nanostructure in Ce(Co0.8Cu0.2)5.4 ?
• What is the driving force behind elemental demixing in the 

nanostructure?

• What is the coercivity mechanism in Ce(Co0.8Cu0.2)5.4 ?
• How do the structure and coercivity mechanism compare to related 

systems, especially pinning-type Sm2Co17 magnets and magnets with 
giant intrinsic magnetic hardness?

(1) Nanostructure: At the mesoscale, both low Hc and high Hc Ce 
(Co0.8Cu0.2)5.4 samples appear structurally and compositionally homo
geneous, including the magnetic domain structure, as confirmed by BSE 
SEM, XRD, Laue diffraction and MFM. However, APT and TEM reveal a 
chemically and structurally modulated nanoscale cellular network in Ce 
(Co0.8Cu0.2)5.4, as shown schematically in Fig. 8. The high Hc sample 
(Fig. 8a) exhibits nearly cylindrical, Cu-poor cells, tilted up to 20◦ from 
the c-axis, enclosed by Cu-rich cell boundaries with coherent interfaces. 
The chemical contrast arises from the substitution of Co with Cu in the 
CeCo5 lattice, in line with the formula Ce(Co1-xCux)5.4. Sharp composi
tional gradients up to 12 at % Cu/nm appear in the high Hc sample. By 
contrast, the low Hc sample (Fig. 8b) shows weaker gradients of up to 8 
at % Cu/nm and lacks any apparent spatial pattern.

In the 1970s, Leamy et al. [21] attributed the presence of nanoscale 
precipitates in an Fe-doped Ce(Co3.8Fe0.5Cu0.9) sample to the Ce2Co17 
phase, based on additional TEM diffraction reflections absent in CeCo5, 
although no compositional data were reported. While we observed 
similar diffraction patterns in both, the matrix and the ~100 nm large 
Cu-rich GB precipitates, our composition data are incompatible with the 
presence of the 2:17 phase in Ce(Co0.8Cu0.2)5.4. STEM EDX revealed a 
uniform Ce-content throughout the sample, and APT derived 
Ce/(Co+Cu) fluctuated around 1/5 = 0.2, clearly indicating the pre
dominance of the 1:5 phase in the sample. Thus, the interpretation by 
Leamy et al. [21] is unlikely in our case. Instead, we propose that the 
additional reflections stem from a structurally modified Ce(Co,Cu)5 
phase, where Cu substitutes Co in an ordered manner, present in the 
matrix within the Cu-rich cell boundaries, as well as in GB precipitates, 
consistent with the TEM diffraction and APT data. This implies a 
structural, not just chemical, distinction between cells and boundaries, 
warranting further high-resolution TEM and 3D studies.

(2) Nanostructure formation: The thermodynamic driving force for 
chemical segregation in Ce(Co0.8Cu0.2)5.4 is Gibbs free energy minimi
zation, where compositional fluctuations are energetically more favor
able than a homogeneous solid solution [40]. Based on the 
pseudo-binary CeCo5 – CeCu5 phase diagram by Girodin et al. [22], 
the segregation in the high Hc sample is compatible with a classical 
precipitation hardening procedure [40]: after homogenization and 
quenching, the Ce(Co0.8Cu0.2)5.4 solution decomposes during ageing 
within the miscibility gap into Co-rich and Cu-rich CaCu5-type phases, 
forming the cellular nanostructure. The decomposition within the 
miscibility gap occurs via spinodal decomposition rather than through 
nucleation and growth, as the observed cellular structure is regular and 
nearly periodic [40]. In the low Hc “homogenized” sample, a residual 
segregation likely results from sluggish Co/Cu diffusion, as Girodin et al. 
[22] note that full homogenization requires ~15 days, much longer than 
the 2 h homogenization treatment in our study. This indicates that Cu 
segregation is thermally stable, likely contributing to the thermal 
robustness of the magnetic hardness of the material. As revealed by APT, 
the local compositions deviate from equilibrium values predicted by 
phase-diagram thermodynamic modeling due to the short duration of 
heat treatment, which is insufficient for full equilibration given the slow 
Cu/Co diffusion reported in Ref. [22]. The measured compositions ≈Ce 
(Co0.9Cu0.1)5.3 in cell interiors and ≈Ce(Co0.7Cu0.3)5.0 at cell bound
aries) are therefore non-equilibrium and determined directly from 
experiment, rather than from thermodynamic predictions.

(3) Coercivity mechanism: Magnetometry reveals a pinning-type 
coercivity mechanism in Ce(Co0.8Cu0.2)5.4. TEM magnetic imaging and 
micromagnetic simulations show that its nanostructure governs DW 
pinning, with the zig-zag domain pattern following the underlying 
nanoscale features (see point 4 below). Cu concentration variation x 
within the Ce(Co1-xCux)5.4 matrix microscopically affects local intrinsic 
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properties, namely the magnetocrystalline anisotropy constant Ku and 
the exchange constant A, reducing Bloch DW energy σB

dw ∼
̅̅̅̅̅̅̅̅̅
AKu

√
at 

higher Cu. This creates a spatially varying DW energy landscape σB
dw(r), 

with lower energy in Cu-rich cell boundaries and higher energy in Cu- 
poor cells, causing attractive pinning at the cell boundaries. While 
both Ku and A decrease with increasing Cu, Ku is roughly ~10 times 
more sensitive to Cu changes [22,25], justifying the Cu-independent A in 
the simulations.

Generally, effective pinning occurs when the dimensions of the 
pinning cites match the domain wall width [39]. This criterion is ful
filled in Ce(Co0.8Cu0.2)5.4, as the domain wall width of 4.3 nm, deter
mined by off-axis EH, closely matches the ~5 nm width of the Cu-rich 
cell boundaries measured by APT, explaining the significant coercivity 
of 1T. In addition to the “chemical contribution” to pinning, the proposed 
structural ordering of Cu in the Ce(Co,Cu)5 phase of the Cu-rich cell 
boundaries may further add to the pinning strength as a “structural 
contribution”, but its role remains to be quantified through ab initio 
calculations and structural characterization.

The higher Cu-gradient dx
dr in the high Hc samples compared to the low 

Hc sample amplifies the spatial gradient of domain wall energy dσB
dw

dr , thus 
enhancing pinning strength and coercivity, supported by micromagnetic 
simulations. The higher pinning strength is further evidenced by the 
initial curves in Fig. 1e, where the high Hc sample exhibits a higher 
depinning field.

Micromagnetic models generally tend to overestimate coercivity [41,
42], though underestimation occurs in some cases such as FePt/FeRh 
bilayers [43]. Underestimation here may stem from approximations 
such as pre-nucleated reversal domains, neglected structural contribu
tions to the pinning affecting Ku and A in the Cu – ordered Ce(Co,Cu)5 
cell boundary phase, and generally underestimated Ku and A values of 
Ce(Co1-xCux)5.4. For example, the value A = 2.74 pJm− 1 obtained from 
the experimental domain wall width of 4.3 nm slightly deviates from 
A ≈ 5.4 pJm− 1, calculated from the formula from in [25] and Tc values 
of Ce(Co0.8Cu0.2)5 from [22], assuming a distance between two 
Co-atoms of 0.3 nm. Similarly, Ku values used in this study represent a 
rough estimate, as they are volume-averaged across locally inhomoge
neous samples, as demonstrated by the “homogenized” low Hc sample. 
Independent determination of Ku and A are hence suggested. Further
more, whether the Cu-rich boundaries are ferromagnetic or para
magnetic remains unclear, possibly affecting pinning.

(4) local and bulk intrinsic parameters for micromagnetic simulation: It is 
crucial to note that compositional inhomogeneities on the 5–10 nm 
length scale induce variations in intrinsic magnetic properties on the 
same spatial scale. Consequently, atomic magnetic moments, crystal- 
field parameters, and exchange stiffness can change markedly even be
tween adjacent atomic planes. Because the domain wall width is com
parable to the size of Cu-rich regions, the pinned domain wall is 
expected to adopt a significantly more complex internal structure than a 
classical Bloch-type wall. The micromagnetic analysis employed in this 
work is a versatile approach that enables direct, real-space simulation of 
domain-wall pinning with nanoscale resolution.

For quantitative modeling, spatially resolved intrinsic magnetic pa
rameters Ms(x,y,z), Ku(x,y,z) and A(x,y,z) are required. In this work we 
used these intrinsic parameters measured on homogenized single crys
tals with different concentration of Cu, which represents a first-order 
approximation. Nevertheless, this approximation captures property 
scaling with Cu content and allows us to identify the role of nanoscale 
pinning centers in the formation of coercivity mechanism.

At present, determining intrinsic magnetic constants of chemically 
inhomogeneous nanostructures at atomic resolution remains an open 
experimental challenge. Progress may be achieve, for example, by model 
systems such as layered thin films combining CeCo5 and Ce(Co,Cu)5 
with controlled layer thickness, which could help disentangle local 
crystal-field and exchange contributions in future studies.

(5) Comparison to related systems: The nanostructure in Ce 

(Co0.8Cu0.2)5.4 bears some resemblance to that in pinning-type Sm2Co17- 
type magnets: (a) Cu-poor cells are surrounded by Cu-rich cell bound
aries, consisting of regular and Cu-ordered Ce(Co,Cu)5 phases for the 
former and Sm2Co17 and SmCo5 phases for the latter [44–46]; (b) Both 
structures are elongated and tilted: in Ce(Co0.8Cu0.2)5.4, the cellular 
structures are inclined up to 20◦ to the c-axis, while in Sm2Co17-type 
magnets, the Cu-rich cell boundaries form along (0111) planes of the 
matrix phase, corresponding to an inclination of ~30◦ [47]; (c) High 
coercivity is similarly attributed to the high-Cu-gradient induced 
pinning [5,48,49]; (d) The “structural contrast” contributes to pinning in 
addition to the chemical Cu-gradient: in Ce(Co0.8Cu0.2)5.4, the structure 
likely transitions from a regular 1:5 phase within the cells to a to 
Cu-ordered 1:5 phase at the cell boundaries, whereas in Sm2Co17-type 
magnets, it transitions from the 2:17 phase in the cells to the 1:5 phase at 
the cell boundaries [44–46]; (e) Domain structures are slightly similar: 
mesoscale MFM shows a fine out-of-plane domain structure for both 
systems, characteristic of pinning-type magnets containing a cellular 
structure [37]; nanoscale TEM Lorentz imaging shows a zig-zag-like 
in-plane domain structure, following Cu-rich cell boundaries for both 
systems, though less regular and interrupted in Ce(Co0.8Cu0.2)5.4 [50,
51].

At the same time, differences emerge when comparing the two sys
tems: (a) Z-phase platelets as a third phase, found in 2:17 magnets 
perpendicular to the c-axis [44–46], are absent in Ce(Co0.8Cu0.2)5.4; (b) 
Ce(Co0.8Cu0.2)5.4 has considerably finer structure with ~5–10 nm large 
cells and 5 nm thin boundaries, compared to ~100 nm large cells and 
~10 nm thin cell boundaries and Z-platelets in the 2:17 system [44–46]; 
(c) In general, Sm2Co17-type magnets feature three structurally and 
chemically distinct ferromagnetic phases [44–46], whereas Ce 
(Co0.8Cu0.2)5.4 shows only two chemically different, but structurally 
closely related phases: a Cu-poor ferromagnetic phase with Co-content 
>70 at % and a Cu-rich phase that is likely ferromagnetic when Cu <
40 at % and paramagnetic when Cu >40 at % [22].

Thus, pinning in Ce(Co0.8Cu0.2)5.4 is a variant of conventional 
pinning, yet slightly different due a finer scale and lower structural and 
chemical contrast of the underlying nanostructure.

Critically, these results provide a plausible structural explanation for 
the long-standing concept of "giant intrinsic magnetic hardness" in Ce 
(Co,Cu)₅ and related systems such as SmCo5-xMx (M= Cu, Al, Ni etc.) 
[17–20,52], a mechanism that has remained unclear since the 1970s. 
Once thought to be homogenous and single phase, the magnetic hard
ness in these systems was considered fundamentally different from 
precipitation-hardened magnets, possibly stemming from the period
icity of the crystal lattice. However, our findings suggest otherwise: the 
chemical contrast, possibly combined with subtle structural modifications 
such as ordering of Cu in the 1:5 phase, enables effective DW pinning, 
even in nearly single-phase Ce(Co0.8Cu0.2)5.4 hard magnets. The nano
scale segregation and structural ordering revealed here by a combina
tion of APT and TEM likely went undetected in earlier studies due to the 
small feature size of the nanostructure and the low Co/Cu contrast in 
conventional techniques such as TEM-EDX and XRD, where the signal 
scales with the atomic number. In contrast, the mass-spectrum-based 
APT clearly distinguishes between Co and Cu [35], uncovering the 
segregation. These findings likely extend to other systems exhibiting 
giant intrinsic magnetic hardness such as YCo5-xNix, ThCo5-xNi, 
SmCo3-xNi, SmCo2-xNix, and Sm2Co17-xAlx [17–20].

Conclusion

Our study demonstrates that the coercivity in Ce(Co0.8Cu0.2)5.4 
originates from chemical segregation and structural ordering rather than 
a homogeneous single-phase state. Despite similar mesoscale micro
structures, APT and TEM revealed clear nanoscale differences between 
heat-treated samples: the aged high Hc sample shows Cu-poor ferro
magnetic cylindrical cells, separated by Cu-rich cell boundaries with 
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sharp compositional gradients, whereas the homogenized low Hc sample 
exhibits a more random structure with weaker segregation. The cells 
exhibit a regular Ce(Co,Cu)5 phase with random Cu substitution on Co- 
sites, whereas the cell boundaries likely host a structurally modified Ce 
(Co,Cu)5 phase with Cu-ordering, forming coherent interfaces between 
the cells and the boundaries. The presence of chemical segregation is 
due to spinodal decomposition.

Magnetization reversal is of the pinning type, and micromagnetic 
simulations and TEM-based magnetic imaging confirm that the cellular 
nanostructure provides effective pinning centers for domain walls. The 
chemical modulation of Cu content creates an energy landscape for 
domain walls, leading to effective pinning at Cu-rich boundaries. The 
gradient in magnetocrystalline anisotropy across these interfaces, likely 
enhanced by structural ordering, plays a dominant role in determining 
coercivity. Comparison to Sm2Co17-type magnets highlights common 
features such as Cu-gradient-driven pinning and zigzag-like domain 
structures, and shows that Ce(Co0.8Cu0.2)5.4 exhibits a finer-scale vari
ation of conventional pinning with lower structural and chemical 
contrast in its underlying nanostructure.

Importantly, the discovery of nanoscale chemical segregation in 
nearly single-phase Ce(Co0.8Cu0.2)5.4 magnets offers a microstructural 
explanation for the long-standing phenomenon of "giant intrinsic mag
netic hardness" in systems such as SmCo5-xMx, YCo5-xNix, ThCo5-xNi, 
SmCo3-xNi, SmCo2-xNix, and Sm2Co17-xAlx. These findings open up new 
possibilities for designing next-generation rare-earth-lean permanent 
magnets by leveraging controlled nanoscale segregation.
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