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To realize a high magnetization while ensuring a high coercivity in Nd—Fe—B/Fe composite thick films, this
work proposes a spatially selective Dy co-sputtering strategy that precisely introduces Dy into surface and inter-
facial regions. This approach significantly strengthens the magnetocrystalline anisotropy and columnar grain
continuity, yielding a coercivity of 1.75 T, a remanence of 123 T, and a maximum energy product of 35.2
MGOe. Microstructural analyses reveal that the Dy co-sputtering not only adjusts the local chemical compo-
sition to form (Nd,Dy),Fei4B with a high magnetocrystalline anisotropy but also induces a microstructural
reconstruction, leading to a synergistic enhancement of both coercivity and remanent magnetization. The first-
order reversal curve and magnetic domain observations demonstrate that the long-range dipole interaction
between the soft- and hard-magnetic layers is enhanced, which shifts the magnetization reversal mechanism
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from nucleation-dominated to pinning-dominated, evidencing a pronounced magnetic hardening effect.
These findings establish that Dy-assisted microstructure optimization and magnetic hardening, together with
the high magnetization provided by the Fe soft-magnetic layer, offer an effective pathway for fabricating high-
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Introduction

Micrometer-scale Nd-Fe-B thick films have broad application
prospects in micro-electromechanical (MEMSs),
micro-actuators, micro-motors, magnetic
sensors due to their high energy density, miniaturization capa-
bility, and compatibility with semiconductor processes.'™ As
high-performance magnetic MEMSs continue to evolve toward
integration and miniaturization, magnetic functional layers
are required not only to possess high remanence and high
coercivity, but also to maintain stable orientation control.*™®
Therefore, achieving both high magnetization and coercivity in
the Nd-Fe-B films of micrometer-thicknesses has become an
important research direction in magnetic film technology.”

systems
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performance Nd—Fe—B/Fe composite thick films being compatible with micro-electromechanical systems.

However, as the film thickness increases, the mobility of
adsorbed particles and surface diffusion diminish, leading to
a sequential transformation in the growth pattern. This evol-
ution produces renucleation, surface roughening, repeated
short-column/void structures, and increasingly random out-
of-plane crystal orientation, all of which collectively weaken
the c-axis orientation and magnetic properties.® This thick-
ness-induced structural evolution indicates that microstruc-
tural stability (particularly a vertical texture) is a key limiting
factor for achieving high-performance Nd-Fe-B thick films.°
In addition to orientation degradation, a prolonged depo-
sition also leads to the gradual accumulation of internal
stresses, which accelerates the aggregation and segregation of
Nd-rich phases.'®"® Excessive Nd-rich phases reduce the
volume fraction of the Nd,Fe;4,B main phase in the film,
resulting in a decrease of magnetization. Previous studies
have attempted to alleviate deposition stress by introducing
Ta spacer-layers. Although they enhance the perpendicular
magnetic anisotropy (PMA) and increase the remanent mag-
netization, the improvement in saturation magnetization was
marginal."*"?

To suppress the performance degradation of micro thick-
ness Nd-Fe-B films, soft/hard-magnetic composite struc-
tures demonstrate potential advantages.'®'” By precisely
controlling the thickness and growth characteristics of each
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layer through magnetron sputtering technology, soft /hard-
magnetic Nd-Fe-B/Fe multilayer structures can be con-
structed.'® In thin-film systems, combining refractory metal
spacer-layers (Ta, Mo, etc.) enhances saturation magnetiza-
tion while maintaining sufficient coercivity.'>?° This
approach establishes exchange interactions between the soft
magnetic layer and the hard magnetic layer, achieving a
maximum energy product of 61 MGOe—representing the
highest value for anisotropic nanocomposite thin films.*!*>
Further extending this strategy to soft/hard-magnetic compo-
site thick films, the study reveals that interlayer interactions
dominated by long-range dipole interactions play a crucial
role in enhancing the magnetic properties.”*>> However, as
the volume fraction of the soft-magnetic layer or the stacked
layer count increases, although the saturation can be further
enhanced, the coercivity inevitably decreases, which orig-
inates from the decoupling between soft- and hard-magnetic
layers.>®

In Nd-Fe-B-based materials, the Dy/Tb element signifi-
cantly enhances the magnetic crystalline anisotropy of the
Nd,Fe;4B-based main phase by partially substituting
Nd.?”?° 1t increases the magnetic reversal energy barrier
and suppresses domain wall motion and reverse nucleation,
markedly improving coercivity.?® This magnetic hardening
mechanism has been extensively validated in bulk Nd-Fe-B
materials.®® Therefore, numerous studies have also
attempted to apply the Dy diffusion method to Nd-Fe-B
thin-film systems.>*** Ye et al. observed a reaction between
Dy- and Nd-rich phases in Dy-diffused Nd-Fe-B thick
films.>* However, the thermal diffusion-based Dy introduc-
tion method faces several limitations in film systems, such
as texture degradation and the difficulty in precisely control-
ling the diffusion depth.** Consequently, although Dy exhi-
bits magnetic hardening effects, achieving simultaneous
orientation stability, composition controllability, and mag-
netic property optimization remains challenging in film
processes.

In this study, we propose a spatially selective Dy co-sputter-
ing strategy that fundamentally differs from conventional
diffusion approaches. Using this strategy, the magnetic hard-
ening element Dy is introduced into the surface and interfacial
regions of the soft/hard-magnetic composite thick film. This
approach maintains the high magnetization provided by the
long range interaction between the soft-magnetic Fe and Nd-
Fe-B layers meanwhile enhancing local magnetic anisotropy to
increase coercivity. Furthermore, microstructural analysis indi-
cates that Dy co-sputtering drives columnar grain formation
and growth, thereby increasing the effective volume fraction of
the Nd,Fe;,B hard phase and further enhancing the magneti-
zation. This ultimately achieves a synergistic enhancement of
coercivity and remanent magnetization, significantly improv-
ing the maximum energy product. First-order reversal curve
(FORC) and magnetic domain imaging analyses further
confirm the influence of structural homogeneity on magnetic
interactions, as well as the pinning effect in magnetic harden-
ing regions.
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Experimental

All thick films were fabricated using a high-vacuum magnetron
sputtering system equipped with a co-sputtering module.
Before deposition, the chamber pressure was better than 3 x
107° Pa, and the Ar pressure was maintained at 0.7 Pa during
deposition. The hard-magnetic Nd-Fe-B layer was deposited
using an Nd;sFe;5B;, (atomic percent) alloy target prepared by
powder metallurgy, while the soft-magnetic Fe layer, the Ta
spacer-layer, and the co-sputtered Dy were deposited using
commercial targets with 99.99% purity. The sputtering rates
and corresponding DC sputtering powers of each target were
calibrated by the weighing method as follows: Nd-Fe-B at 20 A
s~ (300 W), Fe at 3.76 A s~ (100 W), Ta at 0.78 A s™* (175 W),
and Dy at 0.50 A s™* (25 W). Ta buffer and capping layers with
the same thickness of 50 nm were utilized to enhance the
adhesion on the Si substrate and prevent oxidation, respect-
ively. For simplicity, these two Ta layers will not be specified
again in the subsequent structural descriptions. As illustrated
in Fig. 1(a), to investigate the influence of Dy surface and inter-
facial co-sputtering on Nd-Fe-B/Fe/Nd-Fe-B composite multi-
layers, two types of structures were first fabricated on Si sub-
strates: a single Nd-Fe-B layer (4 pm), and a Nd-Fe-B (2 pm)/
Ta (10 nm)/Fe (150 nm)/Ta (10 nm)/Nd-Fe-B (2 pm) multilayer
structure, referred to as the Nd-Fe-B single layer and the NFN
film, respectively. Subsequently, based on the NFN structure,
Nd-Fe-B/Dy co-sputtering (hereafter referred to as Dy co-sput-
tering) was applied at both the soft/hard-magnetic interface
and the top and bottom surfaces of the multilayer. By control-
ling the co-sputtering time, Dy co-sputtered layer thicknesses
of 100 nm, 300 nm, and 500 nm were obtained, and the corres-
ponding films were named NFN D100, NFN D300, and NFN
D500. During the film deposition process, the Nd-Fe-B target
remains continuously activated. When deposition reaches the
preset layer, the Dy target is activated for sputtering, thereby
achieving simultaneous deposition of the Nd-Fe-B target and
the Dy target. Under these process conditions, the thickness of
the independently deposited Nd-Fe-B layer is consistently
maintained at 2 pm. The “Nd-Fe-B/Dy co-sputtered thickness”
is defined as the corresponding Nd-Fe-B deposition thickness
achieved when the Dy target is activated (the deposition thick-
ness of Dy is disregarded in this context). Based on the sputter-
ing time and the Dy sputtering rate, the effective Dy thickness
deposited during co-sputtering was calculated to be approxi-
mately 10 nm, 30 nm, and 50 nm, respectively. To suppress
interfacial inter-diffusion, a 10 nm Ta spacer-layer was inserted
between the Nd-Fe-B and Fe layers. The Nd-Fe-B layers, Ta
spacer-layer, and Fe layer were all deposited at 500 °C. Finally,
all films were annealed in situ at 780 °C under an Ar atmo-
sphere of 0.7 Pa for 20 minutes. Following annealing, the films
were cooled to room temperature with the chamber tempera-
ture under the same atmosphere conditions.

A Bruker D8 Advance X-ray diffractometer (XRD) was used
to analyze the crystalline phases of the films. Magnetic hyster-
esis loops and FORCs were measured using a superconducting
quantum interference device magnetometer (SQUID). The

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Schematic diagrams of the Nd—Fe—B single layer film and the Nd—Fe—B/Ta/Fe/Ta/Nd—Fe—B (NFN) composite thick film structure with Dy

co-sputtering on the surface and interface. (b) XRD patterns of the Nd—Fe—B single layer film, NFN, NFN D100, NFN D300, and NFN D500 films. (c)

Enlarged XRD view of the (006) peak of the Nd,Fe 4B phase.

microstructure and morphology were examined using a ZEISS
SUPRA 55 SAPPHIRE field-emission scanning electron micro-
scope (FESEM) and a Talos F200X G2 high-resolution trans-
mission electron microscope (HRTEM). To further determine
the elemental distribution, quantitative area scanning was per-
formed using a SHIMADZU EPMA-1600 electron probe microa-
nalyzer (EPMA). At room temperature, magnetic domain struc-
tures were characterized in situ using a physical property
measurement system (PPMS) equipped with a scanning probe
microscopy (SPM) module over a scanning area of 6 pm x
6 pm. The surface morphology was obtained in tapping mode,
followed by lifting the probe tip 100 nm above the surface to
acquire magnetic domain images.

Results and discussion

Structure and magnetic properties of Nd-Fe-B/Fe thick films
with Dy co-sputtering

Fig. 1(b) shows the XRD patterns of the Nd-Fe-B single layer
film and NFN, NFN D100, NFN D300, and NFN D500 films.
The Nd-Fe-B single layer film exhibits a certain degree of the
c-axis texture, as evidenced by the coexistence of c-axis related
diffraction peaks such as (006) and (008) together with non-c-
axis diffraction peaks including (402). In contrast, the NFN
film shows dominant (006), (004), and (008) diffraction peaks,
indicating a pronounced out-of-plane orientation, which is
attributed to the introduction of the Ta spacer-layer.'*> After
the introduction of Dy co-sputtering, the main diffraction
peaks of NFN D100, NFN D300, and NFN D500 films remain
consistent with those of the NFN film, indicating that it does
not significantly alter the overall texture. However, in the
enlarged view in Fig. 1(c), the (006) peak gradually shifts
toward higher angles with increasing Dy co-sputtering thick-

This journal is © The Royal Society of Chemistry 2026

ness. The smaller ionic radius of Dy** compared with that of
Nd** indicates a certain lattice contraction, demonstrating that
Dy enters the Nd,Fe,,B lattice and partially substitutes for Nd.
This confirms that Nd-Fe-B/Dy co-sputtering achieves an
effective Dy incorporation, which potentially enhances the
magnetocrystalline anisotropy. Additionally, the zero-field
cooling M-T curves for the Nd-Fe-B single layer and the NFN
D300 films shown in Fig. S1 reveal that the NFN D300 film
exhibits a higher spin reorientation temperature.

Fig. 2(a) and (b) show the out-of-plane and in-plane hyster-
esis loops for the Nd-Fe-B single layer film and the composite
thick films with different Dy co-sputtering thicknesses,
respectively. The films with Dy co-sputtering exhibit a more
obvious distinction between in-plane and out-of-plane hyster-
esis loops compared to the NFN film and Nd-Fe-B single layer
films, demonstrating stronger PMA. Fig. 2(c) and (d) present
magnetic property comparison diagrams obtained from out-of-
plane hysteresis loops. The dashed lines represent the mag-
netic properties of the Nd-Fe-B single layer film. In contrast to
the single layer film, the NFN film exhibits decreased coercivity
but significantly increased remanent polarization (J;) and sat-
uration polarization (J;), leading to an increased maximum
energy product ((BH)pay) from 13.6 MGOe to 22.0 MGOe (a
62% increase). In previous work, the (BH)n.x value of a soft/
hard composite trilayer film was improved by only 28%, ulti-
mately reaching 22.5 MGOe through multilayer stacking.”*?®
This demonstrates the effectiveness of the structural design
adjustments in this work. For films with Dy co-sputtering, the
coercivity of NFN D100, NFN D300, and NFN D500 films
increases initially and then decreases with increasing Dy co-
sputtering thickness. The NFN D300 film reaches a maximum
of 1.75 T, better than that of the Nd-Fe-B single layer film. On
the other hand, the polarization and remanence ratio unex-
pectedly exhibit the same trend, while the remanence and the
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Fig. 2 Room-temperature (a) out-of-plane and (b) in-plane magnetic hysteresis loops of the Nd—Fe—B single layer film and NFN, NFN D100, NFN
D300, and NFN D500 films. (c) Comparison of coercivity, saturation magnetization, and remanence extracted from (a). (d) Comparison of the rema-

nent ratio, squareness, and (BH)ax calculated from (a).

remanence ratio reach 1.23 T and 0.95, respectively. Ultimately,
a maximum energy product of 35.2 MGOe is obtained for the
NFN D300 film, a further 60% increase compared to that for
the NFN film. This high (BH)y.x value is attributed to the
cooperation of the Fe layer and Dy. The soft-magnetic Fe layer,
with appropriate thickness and high J,, establishes effective
long-range interlayer interactions with the Nd-Fe-B hard-mag-
netic layers, thereby significantly enhancing the polarization.
In Dy-doped Nd-Fe-B, Dy,Fe;,B possesses a strong uniaxial
magnetocrystalline anisotropy, enhancing anisotropy along the
c-axis and increasing coercivity. However, excess Dy results in
intensified antiferromagnetic coupling with Fe, reducing
polarization.>**® Therefore, appropriate Dy co-sputtering on
the surface and at interfaces in Nd-Fe-B/Fe composite multi-
layer films is beneficial for enhancing the PMA and polariz-
ation, achieving a high (BH),,ax value.

Microstructures of Nd-Fe-B/Fe thick films with Dy co-
sputtering

Evolution of the magnetic properties is further investigated by
cross-sectional morphology observations and elemental distri-
bution analysis. Fig. 3(a) and (b) illustrate the cross-sectional

Nanoscale

SEM images of the Nd-Fe-B single layer film and the NFN
film. The backscattered electron (BSE) images, and Nd, Fe and
Ta elemental distributions of the Nd-Fe-B single layer film are
shown in Fig. 3(al). The Nd-Fe-B single layer film shows a
columnar texture near the capping layer and a small strip-like
texture near the buffer layer. EPMA elemental mapping reveals
a significantly higher Nd concentration near the Ta buffer
layer. This distribution originates from stress-induced compo-
sitional segregation during downward film growth, which
drives Nd migration toward the buffer layer and leads to the
formation of Nd-rich phases.?” Therefore, the strip-like texture
regions present more Nd rich phases, while the columnar
texture regions exhibit uniform distribution of Nd and Fe
elements. For the NFN film, similar textures are observed
between the spacer-layer and the capping layer, while more
obvious stripe-like textures are evident near the buffer layer.
Fig. S2 presents the EPMA elemental map of the NFN film. It
reveals that Nd-rich regions similar to those of the Nd-Fe-B
single layer film still exist above the Ta spacer-layer, while the
Fe distribution remains non-uniform. This indicates that the
multilayer structure design did not effectively mitigate stress-
induced Nd accumulation. Cross-sectional SEM images of NFN

This journal is © The Royal Society of Chemistry 2026
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(a) Cross-sectional SEM image of the Nd—Fe—B single layer film. (al) Cross-sectional BSE-SEM image of the Nd—Fe—B single layer film, along

with elemental content mapping of Nd, Fe, and Ta. (b) Cross-sectional SEM image of the NFN film. (c—e) Cross-sectional SEM images of the NFN
D100, NFN D300, and NFN D500 films, respectively. (d1) Cross-sectional BSE-SEM image of the NFN D300 film, along with the elemental distri-

bution maps of Nd, Fe, Ta and Dy.

D100, NFN D300 and NFN D500 films with the Dy co-sputtered
surface and interface regions are illustrated in Fig. 3(c)-(e). For
the NFN D100 film, the overall texture remains similar to that
of the undoped NFN film, but the strip-like textures between
the spacer and buffer layer begin to transform into a columnar
texture. This trend becomes more significant in the NFN D300
film, where extensive columnar textures appear between the
capping layer and the spacer-layer. The corresponding elemen-
tal distribution (Fig. 3(d1)) reveals that Dy diffuses through the
entire film thickness, and Nd segregation is no longer
observed. Combined with the distribution of Ta elements, it is
confirmed that the spacer-layer effectively suppresses further
downward the diffusion of Nd, allowing the Nd,Fe,,B phase
below the spacer-layer to nucleate and grow normally, thereby
forming the columnar textures. When the Dy co-sputtering
thickness is further increased to 500 nm, the columnar texture
still dominates, and a significant increase in strip-like texture
regions is observed. This structural evolution is related to the
excessive Dy incorporation: excess Dy tends to form intergranu-
lar phases at grain boundaries, reducing the volume fraction
of the hard-magnetic phase, ultimately deteriorating the mag-

This journal is © The Royal Society of Chemistry 2026

netic properties. Consequently, an appropriate amount of Dy
co-sputtering (~300 nm) at the interface and surface regions of
the Nd-Fe-B/Fe composite thick film improves texture uni-
formity, resulting in a better c-axis orientation.

Fine analysis of the microstructure is crucial for under-
standing the evolution mechanism of the magnetic properties.
Fig. 4(a) presents the cross-sectional TEM image of the NFN
film, where the Ta buffer and capping layers are on the left
and right parts. The Ta spacer-layer and the intermediate soft-
magnetic Fe layer are clearly identified. The Ta layers achieve
effective isolation, and the grain morphology on both sides
exhibits significant differences. Fig. 4(b) provides an enlarged
view of region B, where a grain has a size of approximately
297 nm x 494 nm, which demonstrates the normal nucleation
and growth of hard-magnetic grains in this region. Above the
Ta spacer-layer, a ~1.5 um region of stacked smaller strip-like
grains is observed, with a representative grain size of 52 nm x
103 nm in region C (Fig. 4(c)). The columnar grains grow from
the capping layer, with a size of approximately 505 nm x
364 nm (Fig. 4(d)). The HRTEM image in Fig. 4(e) and its fast
Fourier transform (FFT) analysis confirm that the columnar
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(a) Cross-sectional TEM image of the NFN film. Enlarged views of regions B (b) and C (c), respectively, within the black dashed box in (a). (d)

Enlarged view near the Ta capping layer. (e) HRTEM image of region E in (d) and FFT results. (f) HADDF image of region F in (d), along with the

elemental distribution maps of Nd and Fe in the corresponding area.

grain corresponds to the Nd,Fe,,B phase with a [111] zone
axis. HAADF imaging and elemental mapping of region F
(Fig. 4(f)) reveal pronounced Nd enrichment at the grain
boundaries between strip-like and columnar grains, while no
pronounced Nd segregation is observed between columnar
grains. Therefore, it is inferred that the Nd segregation sup-
presses further grain growth, limiting the effective volume frac-
tion of the Nd,Fe,,B hard-magnetic phase, resulting in a magne-
tization lower than that expected.*® In a word, the isolating effect
of the Ta interlayer in NFN films not only establishes an effective
long-range interaction between soft- and hard-magnetic layers
but also hinders Nd migration toward the buffer layer, partially
optimizing the formation of the Nd,Fe,,B main phase.

Fig. 5 demonstrates the cross-sectional TEM results of the
NFN D300 film. Compared with the NFN film, Dy doping
induces a significant structural evolution while maintaining a
distinct Ta/Fe/Ta layered interface. Four typical regions have
been selected from the buffer layer to the capping layer for
enlarged observation (black boxes in Fig. 5(a), enlarged in
Fig. 5(b)-(e)). In the buffer layer shown in Fig. 5(b), in addition
to fine strip-like grains similar to those in the NFN film, small
columnar grains unexpectedly appear within the Dy co-sputter-
ing thickness of ~300 nm, which grow upward from the buffer
layer. A typical columnar grain in this region has a size of
approximately 795 nm x 249 nm (Fig. 5(c)). Grain intersection
leads to Nd enrichment, suppressing grain growth and produ-
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cing fine strip-like grains, further substantiating the preceding
analysis. In Fig. 5(d), the small columnar grains also appear
near the Ta spacer-layer (the same columnar texture is also
seen in Fig. 3(c) at the corresponding position of the cross-sec-
tional SEM image for NFN D500, indicated by white arrows).
Similarly constrained by the bidirectional grain growth, the
fine strip-like grain region shrinks to ~400 nm. The columnar
grains in region F, characterized by FFT, belong to the
Nd,Fe,,B phase with a [210] zone axis (Fig. 5(f)). Fig. 5(g)
shows the HAADF-EDS elemental map of region G, where
grain boundaries in the strip-like grain areas are primarily
composed of Nd, with minor amounts of Dy and Ta. However,
Dy is predominantly distributed inside the grains, confirming
that Dy is successfully dissolved into the Nd,Fe,,B lattice, con-
sistent with the XRD and EPMA results. Additionally, the
columnar grains near the capping layer further increase in size
to ~795 nm x 366 nm, and the columnar grain region expands
to more than 1 pm. In summary, Nd-Fe-B/Dy co-sputtering at
the surface and interface regions induces the following micro-
structural reconstruction: (1) promotes the transition of strip-
like grains between the buffer layer and Ta spacer-layer into
larger columnar grains; (2) enlarges the grain size and distri-
bution range of columnar grains between the Ta spacer-layer
and the capping layer and (3) induces the formation of
additional (Nd,Dy),Fe;4B columnar grains in the co-sputtering
regions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5

(a) Cross-sectional TEM image of the NFN D300 film. (b—e) Enlarged views of regions B, C, D, and E, respectively, within the black dashed

box in (a). The red arrows indicate the direction of growth. (f) Enlarged view of region F in (d) and its FFT results. () HADDF image of region G in (a),
along with elemental distribution maps for Nd, Fe, Dy, and Ta in the corresponding area.

These results clearly demonstrate that Dy co-sputtering and
Dy diffusion effectively facilitate the growth of Nd,Fe ;B
grains, which directly contributes to the significant increase in
magnetization. This conclusion is consistent with the thermo-
dynamic calculations, indicating that partial substitution of
Nd with Dy suppresses the formation of y-Fe and Nd,Fe;,
phases and instead stabilizes the Nd,Fe;,B hard-magnetic
phase.**™*" More importantly, Dy co-sputtering significantly
enhances the structural uniformity and continuity of the hard-
magnetic layer. The effect of Dy doping essentially depends on
the competition between reducing nucleation energy and
forming intergranular phases. Appropriate Dy co-sputtering
not only improves coercivity by enhancing magnetocrystalline
anisotropy through localized chemical composition adjust-
ment, but also further induces the c-axis orientation of the
hard-magnetic layer and promotes growth of the main phase,
increasing the main phase volume fraction and thereby enhan-
cing magnetization.

Magnetic interactions of Nd-Fe-B/Fe thick films with Dy co
sputtering

The structure of the hard-magnetic layer significantly influ-
ences the coupling strength and magnetization reversal behav-

This journal is © The Royal Society of Chemistry 2026

ior of soft/hard composite thick films. To reveal the influence
of Dy-induced microstructural reconstruction on magnetic
interactions, the FORC method was employed. During the
FORC measurement, the film was first saturated, and then the
magnetic field uoH was gradually increased from different
reversal fields yoH,, while recording the magnetization M up to
the saturation field. Fig. 7(a), (d) and (g) represent the normal-
ized out-of-plane FORC results for the Nd-Fe-B single layer
film, the NFN film, and the NFN D300 film, respectively. The
FORC distribution is obtained using eqn (1), and the coercive
field uoH. and the interaction field u,H, are derived through
the coordinate transformations given in eqn (2) and (3).*>™*°

p(H,H,) = —0* M(H,H,)/20HOH, (1)
HoHe = (poH — poHy)/2 (2)
poHy = (uoH + poHy)/2 (3)

Fig. 6(b) shows the FORC distribution of the Nd-Fe-B
single layer film in the uoH, — uoH coordinate, exhibiting a
typical “wishbone” pattern. Before —0.34 T (point 1), the p
values remain close to zero, indicating that the magnetization
process is essentially reversible. In the range from —0.34 T to
—3.73 T (point 3), the p values increase sharply, forming a con-
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(a, d, and g) Normalized out-of-plane FORCs for the Nd—Fe—B single layer film, the NFN film, and the NFN D300 film, respectively. (b, e and

h) FORC distribution in the puoH, — uoH coordinates calculated based on the FORCs. (c, f and i) FORC distribution in the uoH. — uoH, coordinates

obtained after coordinate transformation.

tinuous red high-intensity region, and reach a peak at —1.90 T
(point 2), demonstrating that a strong irreversible magnetiza-
tion reversal is triggered under different uH, values. The
purple negative region appears after the reversal peak marks
the onset of the negative saturation state. Fig. 6(c) presents the
FORC distribution converted to the uoH. — uoH, coordinate.
The red high-intensity region is mainly distributed along the
HoH,. axis, indicating the presence of multiple coercivity com-
ponents, which is consistent with the poor c-axis texture and
the presence of the Nd-rich phase. The p.y is located at (1.72
T, 0.12 T), lying on the positive side of the uoH, axis,
suggesting the weak dipolar interaction according to the Pike
model.*>**

Fig. 6(e) and (h) illustrate the FORC distributions for the
NFN and NFN D300 films, and their corresponding uoH. —
uoH, converted distributions are shown in Fig. 7(f) and (i).
The onset of irreversible reversal for NFN and NFN D300 films
occurs at —0.46 T and -0.60 T, respectively, reaching

Nanoscale

maximum values at —0.86 T and —1.10 T, and finally ending at
—3.80 T and —3.92 T. Compared with the Nd-Fe-B single layer
film, the NFN film still exhibits a “wishbone” structure, but
the red high-intensity region becomes more concentrated. For
the NFN D300 film, this region further converges, and the
green trailing region is significantly reduced, indicating a
more cooperative and uniform magnetization reversal. In
addition, the starting fields for negative saturation appear at
—2.20 T and —2.81 T for the NFN and NFN D300 films, respect-
ively, confirming the higher magnetization of the latter. In the
HoH. — uoH, coordinate, the coercivity distribution of the NFN
film remains broad, and a portion of high-coercivity com-
ponents (green region) is still observed. The p,ax is located at
(1.13 T, 0.28 T) and is significantly shifted toward the positive
HoH, axis compared with the single layer film, indicating an
enhanced interlayer dipolar interaction. This originates from
the long-range coupling between the soft-magnetic Fe layer
and the hard-magnetic Nd-Fe-B layers, which contributes to

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Out-of-plane and in-plane hysteresis loops for NFN and NFN D300 films, and the corresponding magnetic domain patterns during the out-
of-plane demagnetization process for the NFN film (a—i) and the NFN D300 film (k-s), respectively. (j) and (t) Surface topography of the NFN and

NFN D300 films, respectively.

the improvement of the magnetization. After introducing Dy
co-sputtering, the FORC distribution of the NFN D300 film
transitions from being distributed along the uyH, axis to being
aligned along the uoH, axis, with the coercivity distribution
becoming more concentrated. The ppax further shifts to (1.59
T, 0.58 T), indicating stronger interlayer dipolar interaction. In
a word, FORC analyses confirm that the microstructural recon-
struction induced by Nd-Fe-B/Dy co-sputtering effectively
enhances the long-range dipole interactions between the soft-
and the hard-magnetic layers, which promotes a more coopera-
tive magnetization reversal process, and ultimately improves
magnetic performance.

Coercivity mechanism of Nd-Fe-B/Fe thick films with Dy co-
sputtering

To intuitively observe the microscopic origin of the enhanced
dipolar interaction between the soft- and hard-magnetic layers,
the evolution of surface magnetic domains during the demag-
netization process was examined for NFN and NFN D300 films
in Fig. 7. The evolution of surface magnetic domains can effec-
tively reflect the influence of microstructural reconstruction on
the soft/hard magnetic interaction. First, it can be observed in
Fig. 7(j) and (t) that the surface topography of the Nd-Fe-B
single layer film exhibits a significant difference from that of
the NFN D300 film. To systematically analyze the effect of Dy
co-sputtering on the surface roughness of the thick films, SEM
characterization results of all films are presented in the SI
(Fig. S3). The results reveal that Dy co-sputtering effectively
improves surface roughness. As shown in Fig. 7(a), (b) and (d)-
(f), the NFN film exhibits pronounced changes in the domain
morphology when the magnetic field decreases from +5 T to
+0.2 T, indicating the existence of abundant reverse-domain
nucleation sites. The magnetization state continuously
changes with the applied field. Even within +0.2 T to 0 T and
—0.2 T to —0.65 T, local variations in the magnetic domain

This journal is © The Royal Society of Chemistry 2026

structure caused by domain wall motion (black dashed rec-
tangles) are clearly observed, revealing that the coercivity
mechanism is dominated by the nucleation mechanism. This
nucleation-dominated reversal generates numerous early-
formed reverse domains, leading to locally premature magneti-
zation reversal and an incoherent reversal process. When the
field decreases below —0.65 T, the magnetization drops sharply
due to a rapid expansion of reverse domains, accompanied by
significant changes in the domain morphology. In contrast,
the NFN D300 film exhibits a fundamentally different domain
behavior (Fig. 7(k)-(p)). As the field decreases from positive
saturation to —0.8 T, the overall domain structure remains
stable, with only minor local changes, indicating a highly
cooperative magnetization reversal process. A drastic drop in
magnetization and a significant change in the domain mor-
phology occur only when the field becomes lower than —0.8
T. This behavior suggests that the coercivity mechanism of the
NFN D300 film is dominated by the pinning mechanism, orig-
inating from the strong magnetocrystalline anisotropy of the
(Nd,Dy),Fe 4B phase. Consequently, the columnar grains
induced in the Dy co-sputtering regions, together with the Nd-
and Dy-enriched grain boundaries (as shown in Fig. 5), act as
strong pinning centers that effectively impede the motion of
magnetic domain walls. This magnetization hardening effect
prevents premature reversal in regions that are more suscep-
tible to interference from stray magnetic fields, such as thin
film surfaces or grain boundary phase regions. As a result, Nd-
Fe-B/Fe composite thick films with Dy co-sputtering maintain
uniform magnetization across a wide magnetic field range.

Conclusions

This work systematically elucidates the critical role of spatially
selective Dy co-sputtering in governing the structural and mag-
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netic evolution of Nd-Fe-B/Fe composite thick films.
Appropriate Dy incorporation significantly enhances the mag-
netocrystalline anisotropy while preserving texture quality,
resulting in a coercivity of 1.75 T, a remanence of 1.23 T, a
remanence ratio of 0.95, and a maximum energy product of
35.2 MGOe. Microstructural analyses reveal that Dy co-sputter-
ing drives the growth and extension of Nd,Fe ;B columnar
grains and induces the formation of high magnetocrystalline
anisotropic (Nd,Dy),Fe;;B columnar grains within regions
originally dominated by Nd-rich phases. These structural
modifications increase the effective fraction of the hard-mag-
netic phase, improve columnar grain continuity, and conse-
quently enhance overall magnetization. FORC and magnetic
domain observations demonstrate that the Dy-induced micro-
structural reconstruction strengthens long-range dipolar inter-
actions between the soft- and hard-magnetic layers and intro-
duces a pronounced magnetic hardening effect. This trans-
forms the magnetization reversal mechanism from nucleation-
dominated to pinning-dominated behavior. In summary, the
combination of Dy-induced microstructure optimization and
magnetic hardening with the high magnetization contribution
of the Fe soft-magnetic layer achieves a high energy product in
the composite thick films. This strategy effectively overcomes
the conventional trade-off between magnetization and coerciv-
ity, offering a robust and MEMS-compatible route for fabricat-
ing high-performance Nd-Fe-B/Fe composite thick films.
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