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Formation of strong L1,-FePd/a-Fe nanocomposite
magnets by visualizing efficient exchange
couplingf

Kenshi Matsumoto,? Ryota Sato,® Thang Thuy Trinh,? Noritsugu Sakuma,®
Tetsuya Shoji, Mitsutaka Haruta,® Hiroki Kurata® and Toshiharu Teranishi & *°

Conceptual nanocomposite magnets (NCMs) composed of exchange-coupled hard/soft magnetic phases
have been expected to show excellent magnetic performance based on simultaneous high coercivity (H.)
and high saturation magnetization (Ms). In our previous works, however, the H. was considerably lower than
its theoretical value (H,), which prevented us from improving the performance of NCMs. Here, we show that
the H. of isolated particulate L1p-FePd/a-Fe NCMs is dominated by their phase segregation into core/shell-
like structures versus Janus-like structures. Using first-order reversal curve (FORC) analysis, we clearly
distinguished a microscopically undetectable difference in the phase-segregation structure in the NCMs,
finding both efficient and inefficient exchange coupling. The nanostructurally controlled NCMs
dominated by core/shell-like structure with efficient exchange coupling showed the largest energy
product ((BH)max = 17.5 MGOe) in the Fe—Pd system and the highest H./H, value (26.5%) among all NCM

rsc.li/nanoscale-advances powders.

Introduction

Electric energy is mostly consumed by conversion into
mechanical energy, where permanent magnets play an impor-
tant role. Thus, highly efficient conversion of electric energy
into mechanical energy depends on high-performance perma-
nent magnets that have both high coercivity (H.) and high
saturation magnetization (M). Exchange-coupled nano-
composite permanent magnets (NCMs) composed of magneti-
cally hard and soft phases have been theoretically expected to
show higher performance than the neodymium magnets." To
bring out their full potential, NCMs should have soft magnetic
phases within the nanoscale exchange-coupling length so they
can derive a high M, and H, from their soft and hard phases,
respectively.®* In many previous works, NCMs were synthesized
at the necessary conditions for high performance, but their H.
was much lower than the anisotropy field (H,), which is the H,
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upper limit.*” Thus, to improve the H, of NCMs, we must clarify
what determines their H,.

In single-phase magnets, H. is influenced by many factors
such as magnetic-domain interaction,® crystal structure,’
magnetic-domain size’ and magnetic-domain shape.'®* The
H. of NCMs, however, may be influenced by not only these
factors but also the interface-inducing lattice strain between the
soft/hard phases,” the volume ratio*” and the phase-
segregation structure'> of the soft/hard magnetic phases.
However, the thermal annealing done at high temperatures to
induce atomic diffusion, often necessary to form NCMs, makes
it much more difficult to control the nanostructures of
NCMs.**** Because these several factors are intertwined
complexly, improving H, systematically in various NCMs has
been very challenging.

To find the dominant factor determining the H. of NCMs, we
must systematically control several factors that vary H.. We
selected L1,-FePd as the hard magnetic phase and a-Fe as the
soft magnetic phase, because a-Fe can coexist with L1,-FePd,
according to the Fe-Pd phase diagram.™ Moreover, we can
easily control nanostructures such as the crystalline size of the
L1,-FePd phase corresponding to the magnetic-domain size
under the single domain size (<330 nm), the hard/soft phase
volume ratio and the magnetic-domain shape of the NCMs by
the reduction-diffusion method (Fig. 1a and Table S1}).**
Furthermore, we visualized the H. change of NCMs with various
nanostructures by using first-order reversal curves (FORCs)
analysis, which is a powerful way to confirm the formation of
NCMs.»**** This analysis can sensitively distinguish the
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(a) Synthesis of an L1y-FePd/a-Fe NCM with a well-controlled nanostructure. (b—d) TEM images of (b) 19 nm Pd NCs, (c) Pd@FeO, NCs

with Fe/Pd = 66/34 at% and (d) L1p-FePd/a-Fe NCMs synthesized under reductive annealing of (c) at 560 °C for 3 h. Scale bars are 50 nm. (e)
High-angle annular dark-field scanning TEM (HAADF-STEM) image of (d) showing the L1, structure in the L15-FePd phase. The inset in (e) shows
the fast Fourier transform (FFT) image, in which the spots surrounded by blue and red rectangles respectively imply the planes of the a axis and ¢

axis of the L1g structure.

magnetic circumstances affecting H,, letting us quantitatively
evaluate the hard/soft exchange coupling of well-defined L1,-
FePd/a-Fe NCMs (Fig. S9t).> By using FORCs, we visualized the
H. distributions in well-controlled NCMs, clarifying that the H.
of the NCMs is dominated by a slight change in the phase
segregation between a core/shell-like structure and a Janus-like
structure.

Results and discussion
Synthesis of L1,-FePd/o-Fe NCMs

To fabricate well-defined L1,FePd/a-Fe NCMs with mono-
disperse L1,-FePd crystalline size, magnetic-domain shape of
the NCMs and volume ratio of the L1,-FePd/a-Fe phases, we
performed the following step-by-step synthesis (Fig. 1a): (1)
synthesis of monodisperse Pd nanocubes (NCs) (Fig. 1b and
S1a-ff);'*'” (2) homogeneous growth of FeO, shells on Pd NCs
(Fig. 1c, S1g and Table S21);*® (3) reduction-diffusion of Pd/FeO,
core/shell (Pd@FeO,) NCs under the flow of 4% H, gas (Ar
balance) (Fig. 1d, e and S51).*® This synthesis allowed us to
finely tune the size of the Pd NCs, the thickness of the FeO, shell
and the reduction-diffusion conditions, so we could precisely
control the L1,-FePd crystalline size and the volume fraction of
the L1,-FePd/a-Fe phases. The nanostructure of Pd@FeO, NCs
also enabled the formation of a core/shell-like structure and
a Janus-like structure under the reductive annealing (Fig. S47).
In addition, almost all particles were isolated after annealing
because of the carbon shells formed from the organic ligands by
Fe catalysis.” The phenomenon could be observed in the
particles annealed under several conditions from high-
resolution  transition electron microscopy (HRTEM)
(Fig. S31).* We targeted a Pd grain size of 14-26 nm, which were
estimated from TEM images, to facilitate the synthesis of the
L1,-FePd phase with a high ordering parameter.*® We first focus
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on the samples synthesized by reductive annealing of Pd@FeO,
NCs (from 19 nm Pd NCs) with Fe/Pd = 66/34 atomic% (at%) at
540 °C for 5, 10, 15, 20 and 25 h. X-ray diffraction (XRD) patterns
show the formation of L1,-FePd and a-Fe phases (Fig. S2bt).
Thus, we formed magnets composed of L1,-FePd and o-Fe
phases with well-controlled nanostructural characteristics such
as the L1,-FePd crystalline size, the shape of the magnets and
the a-Fe/L1,-FePd volume ratio.

Correlation of crystal and phase-segregation structures with H,

Using vibrating sample magnetometer (VSM) on a series of L1,-
FePd/a-Fe NCMs, we showed that H. decreased monotonically
with increasing annealing time (Fig. 2a). We attempted to
explain this result by calculating the tetragonality—the ratio of
lattice parameters (c/a)>**—and the ordering parameter (S)*>*
of the L1,-FePd phase grains. Strangely, S increased with
annealing time (Fig. 2a) and c¢/a decreased monotonically
(Fig. S2ct), usually indicating that the H. of L1,-FePd phase
increased.?” The crystalline size of the a-Fe phase grains also did
not show a significant difference in the calculated values ob-
tained by the Scherrer equation for the 110 diffraction peaks
(Scherrer constant K = 0.94) (Fig. S21). Moreover, elemental
maps measured with energy dispersive spectroscopy (EDS) did
not show any differences in phase segregation among samples
(Fig. 2b-d). These structural analyses could not explain the
monotonic decrease in H. with annealing time.

Then, we used FORCs analysis on all the samples to clarify
the nanostructure transformation that changed H. (Fig. 2e and
f). To better compare the H. distributions, we integrated the
height of the FORCs diagram (p(H., H,)) with respect to the local
interaction field (H,). The obtained curve represents the frac-
tion of hysteron for each H, (Fig. S9t). These curves were fitted
with a Gaussian function, whose number was determined by
kernel density estimation (Fig. S91), and the fractions of these

Nanoscale Adv., 2019, 1, 2598-2605 | 2599
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(a) Hc and S values of the L1g-FePd/a-Fe NCMs synthesized by reductive annealing of Pd@FeO, NCs with Fe/Pd = 66/34 at% synthesized

from 19 nm Pd NCs annealed at 540 °C for various times. (b—d) Elemental maps of the NCMs obtained by reductive annealing for (b) 5 h, (c) 15 h
and (d) 25 h (purple: Fe-K, yellow: Pd-L). Scale bars are 25 nm. (e) FORCs diagrams of the L1p-FePd/a-Fe NCMs with Fe/Pd = 66/34 at%
synthesized from 19 nm Pd NCs. p(H., H,) means the fraction of hysteron with a certain H. and a certain H,. When p(H., H,) is over 5%, the colour
becomes red. (f) H, distributions obtained by calculating the XH p(H., H,) of (e). The black dots are raw data, the red curves are the sums of the
fitting curves by a Gaussian function, the blue and green curves are fitting curves and the grey curves are the differences between the raw data
and fitting curves. (g) Schematics of the fraction change of the core/shell-like and Janus-like structures estimated by FORCs analysis of (f).

distributions were calculated from the integral of the fitting
curves (Fig. 2f). Each FORCs diagram showed two H, distribu-
tions with quite high H. compared with that of the a-Fe soft
phase (H. < 1 kOe),**** indicating that two types of NCMs
formed.

The fraction of the low-H. distribution increasing with
annealing time corresponds to a structural transformation from
a core/shell-like structure to a Janus-like structure (Fig. S471) or
to the coalescence of a-Fe phase; the L1,-FePd/a-Fe exchange
coupling weakened because larger o-Fe phase grains formed
during annealing (Fig. 2g).****® In other words, the different
thicknesses of o-Fe phase within and beyond the threshold
determining ‘efficient’ or ‘inefficient’ exchange coupling in the
L1y-FePd/a-Fe NCMs helped to form the two types of NCMs.
Thus, a visualization of the exchange coupling by FORCs

2600 | Nanoscale Adv., 2019, 1, 2598-2605

analysis could reveal that a slight change, which was micro-
scopically undetectable, in the phase-segregation structure or
the a-Fe thickness dominated the H. of the NCMs.

Optimization of nanostructure in L1,-FePd/oa-Fe NCMs for
high performance

By controlling the crystalline size of the L1,-FePd phase and the
volume ratio of the L1,-FePd/a-Fe phases (Fig. 1a), we fabricated
NCMs with the highest performance reported in the Fe-Pd
system. We synthesized NCMs as follows: (1) synthesis of Pd
NCs with sizes of 14, 19, 23 and 26 nm; (2) homogeneous growth
of FeO, shells on the Pd NCs with Fe/Pd molar ratios of
approximately 62/38 and 66/34; (3) reductive annealing of

This journal is © The Royal Society of Chemistry 2019
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Pd@FeO, NCs under the conditions to produce NCMs with the
highest H, (Fig. S5 and Table S4+).

Among all these NCMs, the NCMs formed from 19 nm Pd
NCs had the highest H. regardless of Fe/Pd composition
(Fig. S7at). In the NCMs formed from 19 nm Pd NCs, we then
controlled their L1,-FePd/a-Fe volume fraction in the range of
Fe/Pd = 53/47-75/25 at%, improving their M; and maximizing
their energy product ((BH)max) and H./H, ratio. These values
became maximum ((BH)max = 17.5 MGOe and H./H, = 26.5%) at
an Fe/Pd composition of 66/34 at% and decreased at >66/34 at%
(Fig. 3a and b) due to the drastic decrease in H.. These
maximum values greatly exceeded the highest reported values
(BH)max = 10.3 MGOe and H./H, = 9%) in the Fe-Pd
system.**?>>* Particularly, the H./H, value (26.5%) was also
highest among all NCM powders to our knowledge, which
indicates that the performance of L1,-FePd/a-Fe NCMs was
efficiently brought out, compared with other systems.* 7>’

To reveal which factor contributed to the high H./H, and
(BH)max, we again conducted FORCs analysis on these NCMs
(Fig. 3c). The H. distributions revealed two types of exchange
coupling derived from the Janus- and core/shell-like structures
at Fe/Pd compositions of <66/34 at%. With more Fe, the lower
H. distribution appeared in addition to the two types of NCMs,
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which was also derived from the NCMs with the Janus-like
structure because this H, value is higher than that of a-Fe. On
the other hand, the average H, of almost pure L1,-FePd magnets
(Fe/Pd = 53/47 at%) was lower than those of the NCMs with Fe/
Pd molar ratios of 61/39 and 66/34. Then, the surface aniso-
tropic constant (K;) of these NCMs were compared, which
strongly suggested that the low K of pure L1,-FePd magnets
caused the lower H. versus those of L1,-FePd/a-Fe NCMs
(Fig. S87). This result means that the soft magnetic phase in
NCMs contributes not only to the increase of the H, with higher
K, value, but also to the decrease of the H. due to the formation
of Janus-like structure. Thus, the maximized (BH)nax and H./H,
at Fe/Pd = 66/34 at% came from the trade-off between the
increase in K and the decrease in the fraction of the core/shell-
like structure.

Clarification of the dominant factor determining the H, of
L1y-FePd/a-Fe NCMs

We estimated the change in exchange coupling between the L1,-
FePd and o-Fe phases by the phenomenological eqn (1) of the
micromagnetics model (Fig. S107):*°

Hc = aHaexp - Neff-]sa (1)

()

Fe/Pd =75/25 at.%
_40%

H, (kOe)

(a) B-H curves of the NCMs with Fe/Pd molar ratios of 53/47, 61/39, 66/34, 73/27 and 75/25 formed by reductive annealing at 590 °C for

3h,at570°C for10 h, at 560 °C for 3 h, at 540 °C for 3 h and at 540 °C for 3 h, respectively. The B values were obtained from the corrected M—H

curve. (b) (BH)max and the H./H, values obtained from the B—H curves. (c

) Hc distributions obtained by using the same method as in Fig. 2f. The

cyan curves are also the H, distributions derived from the L1y-FePd/a-Fe NCMs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 According to a phenomenological eqn (1) of the micromagnetics model, both the effective demagnetization factor (Neg) and effective
micromagnetics constant («) were estimated for NCMs with different nanostructures. « and Ngg strongly depend on the exchange coupling
factor and the crystalline size of the a.-Fe soft magnetic phase,? respectively. The a and N values of the NCMs can be classified into groups -1l
by using the H. distributions as follows: group | is the minor fraction of the Janus-like structure; group Il is the intermediate fraction of the Janus-
like structure; group lll is the major fraction of the Janus-like structure. The sample name comprises the starting Pd NC size, followed by the Fe

fraction, followed by the annealing time, if any.

where « is an effective microstructural parameter that varies
from 0 to 1, which strongly depends on the exchange coupling
factor;®® H,exp is an anisotropy field of the NCMs, which is
evaluated from the experimental results (Fig. S101); Neg is an
effective demagnetization factor, which usually decreases with
an increasing amount of the soft magnetic phase, because the
soft magnetic phase in NCMs can weaken the local stray field;**
Js is the saturation magnetic polarization. Thus, o« and Neg
decreased as the fraction of the Janus-like structure increased.
This behavior indicates that the structural change from core/
shell- to Janus-like structures caused the decrease in exchange
coupling between the L1,-FePd and the a-Fe phases and the
increase in a-Fe thickness, corresponding to the decrease in
a and Ng, respectively.

In fact, the micromagnetics model clearly explains the rela-
tionship between the fraction of the Janus-like structure and the
a and N.g by classifying the H, distributions as follows (Fig. 4):
(group I) low fraction of Janus-like structure, (group II) inter-
mediate fraction of Janus-like structure and (group III) high
fraction of Janus-like structure and transition from core/shell-
to Janus-like structure. Thus, using FORCs analysis and the
micromagnetics model, we showed that the H, of NCMs was
dominated by the phase-segregation structure, because the
strength of exchange coupling between the L1,-FePd and the a-
Fe phases strongly depended on the thickness of the a-Fe phase.

2602 | Nanoscale Adv., 2019, 1, 2598-2605

Conclusions

The FORCs analysis results consistent with the micro-
magnetics model revealed that the Janus-like structure in
NCMs caused the drastic decrease in H.. In other words, the
NCMs largely dominated by the core/shell-like structure
provided the largest (BH)max (17.5 MGOe) in the Fe-Pd system
and the highest H./H, value (26.5%) among all NCM
powders,*”***® because of the highly sensitive change of H,
induced by the extremely slight transformation of phase-
segregation structures. In our previous works,** we could not
correctly evaluate the decrease in H., because it was quite
difficult to discuss the boundary between ‘efficient’ and ‘inef-
ficient’ exchange coupling between the hard and soft magnetic
phases by using conventional methods such as TEM, XRD and
EDS elemental mapping. FORCs analysis enables us to visually
distinguish the two types of NCMs, revealing the dominant
factor determining the H. of NCMs, that is, the phase-
segregation fashion. These achievements can solve the
mystery for the quite low H. of NCMs, compared with the
theoretical H.. We believe that the optimization of nano-
structures by FORCs analysis can realize the creation of high-
performance NCMs in not only Fe-Pd system but also other
systems.

This journal is © The Royal Society of Chemistry 2019
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Experimental procedure
Chemicals

All reagents and solvents were commercially available. Sodium
tetrapalladate(u) (Na,PdCl,, 98%), polyvinylpyrrolidone (PVP,
M,, = 55k), ascorbic acid (AA, 99+%), potassium bromide (KBr,
=99%), oleylamine (OAm, 80-90%), 1-octadecene (ODE, 90%)
and eicosane (99%) were purchased from Sigma-Aldrich. Iron
pentacarbonyl (Fe(CO)s, 95%) was purchased from Kanto
Chemical Corporation. Oleic acid (OA, >85%) was purchased
from Tokyo Chemical Industry. Ethanol, acetone, n-hexane and
chloroform were purchased from Wako Pure Chemical Indus-
tries. All chemical reagents were used as received without
further purification.

Synthesis of Pd NCs

In typical synthesis of Pd NCs,'® 270 mL of an aqueous solution
of PVP (2.8 g) and AA (0.66 g) was stirred at 80 °C for 1 h. Then,
an aqueous solution (30 mL) of Na,PdCl, (1.5 g) and KBr (16 g)
was rapidly injected into the above solution. The aqueous
solution was stirred at 80 °C for 3 h and then cooled to room
temperature. This process synthesized Pd NCs with an edge
length of 15.4(+1.4) x 13.4(£1.1) nm (Fig. S1at). To synthesize
larger Pd NCs (Fig. S1b-dt), after an aqueous solution (250 mL)
of Na,PdCl, (1.5 g) and KBr (3.0 g) was stirred at 40 °C for 1 h, an
aqueous solution of Pd seeds (V mL), an aqueous solution (25
mL) of PVP (2.8 g) and an aqueous solution (25 mL) of AA (1.8 )
were injected every 30 min at 40 °C (Fig. S1}). Here, the volume
of the seed solution (V mL) was determined by the equation of
the seeded-growth method:"

d = do((m; + ne)lng)'”,

where d is the average length of the final Pd NCs, d, is the
average length of the Pd seeds and #n; and n,, are the quantities
of ionic and metallic Pd in the reaction solution. The solution
was stirred at 40 °C for 48 h, heated from 40 °C to 60 °C and
stirred at 60 °C for 48 h. After the reaction, the reaction solution
was cooled to room temperature, and the Pd NCs were collected
by centrifugation with acetone and then purified with ethanol/
acetone (1/4 vol%).

Synthesis of Pd@FeO, NCs

Before FeO, growth on Pd NCs, we exchanged the organic ligand
from PVP to OAm to disperse the Pd NCs in a low-polar solvent.
The Pd NCs (0.50 mmol) protected by PVP were dispersed in the
mixture of OAm (10 mL) and chloroform (20 mL) by sonication
for 1 h, and then the solution was heated at 50 °C for 30 min.
Then, the solution was cooled to room temperature, and the
OAm-protected Pd NCs with sizes of 14 nm, 19 nm, 23 nm and
26 nm were collected with ethanol and purified n times (n =4, 3,
2 and 1) with chloroform/ethanol (2/3 vol%), respectively. To
cover the Pd NCs with FeO, shells, the OAm-protected Pd NCs
(0.50 mmol), OAm (0.50 mL) and OA (0.91 mL) were dispersed in
ODE (63 mL).*® After the solution was stirred at 80 °C for 1 h
under an N, atmosphere, Fe(CO); (x mmol) was injected into

This journal is © The Royal Society of Chemistry 2019
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the solution (Table S21) and the reaction temperature was
increased in steps of 3 °C min~" from 80 °C to 180 °C. Finally,
after the solution was stirred at 180 °C for 2 h and cooled to
room temperature, Pd@FeO, NCs formed from the 14 nm,
19 nm, 23 nm and 26 nm Pd NCs were collected with ethanol
and then purified three times with n-hexane/ethanol (3/1 vol%)
including OAm (0.50 mL) and OA (0.50 mL).

Synthesis of L1,-FePd/o-Fe NCMs

After the PdA@FeO, NCs with sizes of 14 nm, 19 nm, 23 nm and
26 nm were washed m times (m = 7, 6, 5 and 4) with n-hexane,
respectively, these NCs were dried in desiccator overnight. The
L1,-FePd/o-Fe NCMs were produced by reductive annealing—
heating at 10 °C min~", holding at T °C for ¢ h and cooling at
10 °C min '—of the Pd@FeO, NCs under an Ar + 4% H,
atmosphere (see Fig. S5 and S6, and Table S4t1 for detailed
conditions).

Calculation of S of the L1,-FePd phase in L1,-FePd/a-Fe NCMs

An S of the L1,-FePd phase was found with the following
equation:**

8 = (Toor/Too2)meas(Too1/To02)cate.»

where Iy, and Iy, are the peak intensities of the Akl diffraction
peaks in the L1,-FePd phase, and (Ipo1/Zooz)meas. and (Zoos/
Inoz)cale. are the measured and calculated intensity ratios. We
used 0.9852 (PDF#03-65-9971) as a calculated intensity ratio.

Measurement of hysteresis loop at 300 K

The M-H curves were measured by a vibrating sample magne-
tometer (VSM, TOEI VSM-5) under a magnetic field (H) of —20 to
20 kOe, where the samples were prepared without aligning
under the magnetic field. The samples were fixed with eicosane
(melting point of 36.7 °C).

Evaluation of temperature-dependent magnetic properties

The magnetic properties of the samples fixed by eicosane were
measured on a PPMS-VS (Quantum Design EverCool II). The
anisotropy constant (K,) and anisotropy field (Haex,) were
calculated from M-H curve fits based on the following
equation:**

M(H) = J(1 — 4K,*/15JH?) + xH,

where M(H) is the magnetization at H and x is the high-field
susceptibility. « and N were determined using eqn (1) from
a micromagnetics model, drawing a linear function from the
points of Hexp, He and J; depending on temperature (Fig. S107).

FORCs analysis

The height of the FORCs diagram (p) was represented by the
following equation:****

p(Ha, Hg) = —0"M(Ha, Hg)20 HAOHp,
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where H, and Hy have the following relationship: a coercivity H,
= —(Ha — Hg)/2 and a local interaction field H, = (H, + Hg)/2.
We applied a maximum H of 50 kOe to produce magnetic
saturation and the measurement pitch for H, and Hg was 0.5
kOe within —20 kOe to 20 kOe of H by using a superconducting
quantum interference device (SQUID, Quantum Design MPMS
XL) to measure the reversal magnetization in detail (Fig. S97).
The measurement temperature was 300 K. These samples were
also fixed using eicosane.

Evaluation of H,

Ha = 2(}(\.lolumcKchPd + (1 - f;/olumc)Kch)/(f;loluchchPd
+ (1 - f;lolume)JsFe) = 2f;lolumeKuFePd/(f;/olumerFePd
+ (1 - fvolume)JsFe) (KuFe < KuFePd)a

where folume i the volume fraction of the L1,-FePd in NCMs,
Kurepa (1.80 MJ m %) and Kype (47.2 k] m™?) are the anisotropic
constants of the L1,-FePd and the a-Fe phases, respectively and
Jsrera (13.8 kG) and Jge (21.5 kG) are the saturation magneti-
zations of the L1,-FePd and the a-Fe phases, respectively.>*>*

Evaluation of (BH)yax

To calculate the (BH)max, Wwe measured the density of the NCMs
and the demagnetization field of the magnets by using VSM.
(i) Volume ratio of L1,-FePd/a-Fe phases

The volume fraction is calculated from the Fe/Pd at% as
follows:

L1y-FePd cm®: fy(Mge + Mpa)ldgepa,
a-Fe cm®: (1 — 2fu) Myeldpe,

where f,. is the fraction of Pd atoms in the L1,-FePd/a-Fe NCMs
measured by XRF, Mg, and Mpq are the atomic weights of Fe and
Pd atoms, respectively and dpepq (9.75 ¢ ecm ™) and dp.
(7.86 g cm ™) are the densities of the L1,-FePd and o-Fe phases,
respectively.*
(ii) Density of L1,-FePd/a-Fe NCMs

From (i), we can estimate the density of the NCMs (dncwms) as
follows:

dnems = (faMpe + Mpg) + (1 — 2f,) M) (fa(MEe + Mpa)/dgepa
+ (1 = 2fa) MEcldg.).

(iii) Conversion of magnetization unit from [emu g '] to [G]
We converted the magnetization unit from [emu g~ '] to [G]
as follows:

J= MdNCM547Ta

where J is the magnetic polarization and M is the
magnetization.
(iv) Correction of magnetic field

To estimate the magnetic flux density (B), H should be cor-

rected by removing the demagnetization field (N,J) as follows:
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Hcorrecl =H - Nz-]a
N, = U + cla¥(a(a + )",

where H and Hcorrect are the magnetic fields before and after
correction, N, is a demagnetization factor of magnets along the
z axis, and a and c are the radius and height of the cylinder,
respectively, during the VSM measurement.**

(v) Evaluation of (BH)max

B =J+ Hcorrect-

Finally, the (BH)nmax values are obtained from B X H_oprect i
the second quadrants of the B-H curves.

TEM observation

The Pd NCs and Pd@FeO, NCs were dispersed in ethanol and
chloroform, respectively and then dropped on amorphous
carbon-coated copper grids with a carbon thickness of about
30 nm. TEM samples for the L1,-FePd/a-Fe NCMs were prepared
by annealing the Pd@FeO, NCs on TEM grids. TEM images were
recorded on a JEM1011 (JEOL) at an acceleration voltage of 100
kv.

Powder XRD measurement

The XRD patterns were recorded on a PANalytical X'Pert Pro
MPD diffractometer with Cu Ko, radiation (A = 1.542 A) at 45 kv
and 40 mA.

Evaluation of the composition of L1,-FePd/o-Fe NCMs

The Fe/Pd molar ratios of the NCs and NCMs were measured by
X-ray fluorescence (XRF) spectroscopy (JEOL JSX-3202C). The
L1,-FePd/a-Fe volume ratios were calculated on the hypothesis
that the Pd phase grains were completely converted into the L1,-
FePd phase grains (Table S17).

EDS elemental maps by HAADF-STEM and HRTEM

The TEM samples of the L1,-FePd/a-Fe NCMs were prepared by
annealing the Pd@FeO, NCs on amorphous carbon-coated
copper grids with a carbon thickness of about 5 nm. EDS
maps by HAADF-STEM and HRTEM were performed on a JEM-
ARMZ200F at an acceleration voltage of 200 kv.
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