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Rare-earth free Alnico permanent magnet is composed of spinodally decomposed ferromagnetic L10 Fe
eCo rich (a1 phase) embedded in paramagnetic or weak ferromagnetic L12 AleNi rich (a2 phase) matrix.
We deposited a1 phase alloy (Fe52Co35.8Al5.6Ni5.3Ti0.9Cu0.4) on (111) oriented Pt (100 nm)/TiO2/SiO2/Si
substrate to investigate coercivity enhancement induced by the a1 and also substrate interdiffusion
through annealing. It is demonstrated that as-deposited a1 ﬁlm is magnetically soft with a coercivity of
~0.05 kOe, while its coercivity increased to 5.4 kOe after annealing at 800  C. This is attributed to the
interdiffusion between a1 phase and Pt. Therefore, a large magnetocrystalline anisotropy occurs in the
tetragonal L10 (Co, Fe, Ni)Pt ﬁlm.
© 2020 Elsevier B.V. All rights reserved.

Keywords:
Alnico thin ﬁlm
Permanent magnet
Interdiffusion
Coercivity
Sputtering

1. Introduction
Market for permanent magnets (PMs) is rapidly growing owing to
the expansion of the electric vehicle motor and wind power generator
applications [1e4]. The maximum energy product, (BH)max, for the
PMs can be estimated as (BH)max ¼ (Br)2/4 for Hci > Br/2 or (BH)max ¼
(Br e Hci)Hci for Hci < Br/2, where Br is the remanent magnetization, Hci
is the coercivity, and (BH)max determines the motor’s torque and power densities [4]. Therefore, high magnetization and high coercivity
are indispensable along with the corresponding high Curie temperature (Tc) and magneto-crystalline anisotropy constant (K). The
magnetic coercivity is controlled by magneto-crystalline, shape,
stress-assisted anisotropies or their combination [5,6]. Rare-earth
(RE) permanent magnets RE-Fe-B dominate magnet market due to
the high magnetocrystalline anisotropy and magnetic moment per
unit cell [7e10]. However, several main issues such as the cost, low
Curie temperature, and scarcity of rare-earth elements like Nd, Pr, and
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Dy block continuous use of RE-Fe-B permanent magnets.. To increase
the Curie temperature of RE-Fe-B, alloying with Pr and Dy rare-earths
were carried out. However, the addition of more RE elements will
signiﬁcantly increase the cost and also complicates the manufacturing
process. Therefore, a cost-effective and RE-free Alnico (FeeCoeNieAl
eCueTi) permanent magnet has recently received great attention
[11e15].
Bulk Alnico PMs have been investigated for decades to replace
the RE-based PMs with earth-abundant components and stable
magnetic properties at high temperatures [16e18]. The high
(BH)max of bulk Alnico PMs originates from the spinodal decomposition of bulk Alnico, resulting in FeeCo rich (a1 phase) rods
embedded in AleNi-rich (a2 phase) matrix [19]. Interestingly, the
body center cubic (BCC) a1 phase (Fe52Co35.8Al5.6Ni5.3Ti0.9Cu0.4) is
ferromagnetic, while BCC a2 phase (Fe12.32Co26.03Al25.04Ni23.14Ti10.75Cu1.6) is weak ferromagnetic or paramagnetic [19]. The
coercivity of bulk Alnico is dominated by the shape anisotropy of
a1 phase rod rather than its crystalline-anisotropy, and hence, a
low coercivity of 0.74 kOe for Alnico V (FeeCoeNieAleCueNb)
and 1.4 kOe for Alnico IX (Fe-Co-Ni-Al-Cu-Nb-Ti) [20e22] is
observed. Although the bulk Alnico PMs show similar magnetization of ~13 kG, the highest (BH)max of 9 MGOe was achieved in
Alnico IX [23]. It is still a challenge to increase the bulk coercivity
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3. Results and discussion

of Alnico PMs, which hinders it from being a suitable replacement
candidate for RE based PMs.
Surprisingly, Alnico V in a conﬁned geometry can demonstrate
promising coercivity [21]. For instance, 35 nm nanoparticle of
Alnico V alloys has a 1.1 kOe coercivity [24], while the high temperature annealed Alnico ﬁlms grown by sputtering on Si wafer
have been reported to exhibit 6.9 kOe [25], 6.5 kOe [20], and 1.8 kOe
[21], which are much larger than 0.74 kOe of the bulk counterparts.
Inter-diffusion between Si substrate and sputtered Alnico V ﬁlm to
form a new magnetically hard FeeCoeSi phase is a plausible
explanation for the enhanced Hci [20,21]. However, an in-depth
understanding of this signiﬁcantly increased coercivity in Alnico
ﬁlm is still lacking. Particularly, the magnetic properties of the
ferromagnetic a1 phase in Alnico PMs were not investigated
extensively in either thin ﬁlm or bulk form. On the other hand, the
L10 ordered FePt ﬁlms with perpendicular magnetic anisotropy
were investigated extensively due to their remarkable magnetocrystalline anisotropy, large saturation magnetization, and corrosion resistance [26e28]. However, it is a great challenge to achieve
a textured crystalline structure with perpendicular magnetic
anisotropy in the FePt ﬁlms.
In this study, we investigated the enhanced coercivity of
Alnico/Pt ﬁlms with a1 composition resulting in a1 phase associated with the interdiffusion between the a1 phase and Pt/TiO2/
SiO2/Si substrate after high-temperature annealing. The soft
ferromagnetic a1 composition (FeeCoeNieAleTi) of Alnico IX
(1.5 kOe of Hci) has been deposited on a Pt-coated Si substrate by a
sputtering process at room temperature. The as-grown ﬁlms were
annealed at 800  C for various time durations to elucidate the
interdiffusion induced phase transition from cubic to the tetrahedral phase of Alnico a1 ﬁlm with the Pt coating layer on the Si
substrate. The interdiffusion between a1 and Pt buffer layer
occurred at a higher temperature and produced high textured
crystalline characteristics. The phase transition from BCC as-grown
a1, cubic L12 structure type (a1)Pt3 to tetragonal L10 structure type
a1Pt phase lead to the improved coercivity and the annealed L10a1Pt exhibited a high Hc of 5.4 kOe. This interdiffusion triggered
phase transitions between the Alnico a1 phase and Pt coated Si
substrate can be used to achieve the high textured L10 phase and
provide an alternative way to reuse cost-effective Alnico permanent magnet for electronics application.

Both as-deposited and annealed ﬁlms with 100, 120, and 140 nm
thicknesses were characterized by X-ray diffraction to identify phase
change with elevated temperature annealing. Fig. 1a displays the XRD
patterns for the 100 nm as-grown a1 ﬁlm and 100,120, and 140 nm a1
ﬁlms annealed at 800  C for 60 min. The as-grown ﬁlm shows a similar
BCC phase and also exhibits weak crystalline stem from the nanocrystalline crystal structure. However, the annealed 100-nm-thick
ﬁlm shows the occurrence of paramagnetic (antiferromagnetic) cubic
L12 (Co, Fe, Ni)Pt3 with phase group Pm3m (JCPDS Card No. 29e0716)
[29]. As the ﬁlm thickness increases to 140 nm, the ferromagnetic
phase L10 (Co, Fe, Ni)Pt appears as indexed with tetragonal phase
group P4/mmm [29e31], and this phase becomes dominant in the
140 nm thick ﬁlm. The (111) peak shifted to a higher diffraction angle
with increasing ﬁlm thickness as displayed in Fig.1b, suggesting that a
clear phase transition was triggered. The lattice parameters calculated
from Rietveld reﬁnement for the cubic L12 (a1)Pt3 and tetrahedral L10
(a1)Pt were a ¼ b ¼ c ¼ 3.818 Å and a ¼ b ¼ 2.707 Å, and c ¼ 3.693 Å,
respectively. To investigate the difference in microstructure between
the as-deposited and annealed a1 ﬁlms, SEM and AFM morphology
characterizations were performed as presented in Fig. 1ceh. It was
observed that after annealing, the grain size increased from 10 nm for
as-grown ﬁlms (Fig. 1c, and d) to 50 nm (Fig. 1f and 1g). Meanwhile,
the surface root-mean-square (RMS) roughness decreased from
~7.11 nm for the as-deposited ﬁlm (Fig. 1d) to 5.65 nm after high
temperature (HT) annealing (Fig. 1g).
As-deposited and annealed ﬁlms were characterized by VSM for
their magnetic properties. Fig. 2a shows the magnetic hysteresis
loop of the a1 phase ﬁlm with various ﬁlm thicknesses. It was
observed that the as-deposited ﬁlms were magnetically soft (here,
only the 100 nm thick ﬁlm is shown), but all ﬁlms annealed at
800  C became magnetically hard because the coercivity increased
to 5.4 kOe for 140 nm thick ﬁlm from about 0.05 kOe for the asdeposited 100 nm ﬁlm. The coercivitȳ change with the ﬁlm thickness and annealing conditions is presented in Fig. 2b. The coercivity
remarkably increased gradually with the ﬁlm thickness after
annealing, one hundred times larger than the as-deposited ﬁlm on
Pt/TiO2/SiO2/Si substrate.
The microstructure behavior of the annealed a1Pt phase from
the as-deposited 140 nm thick ﬁlm was characterized using scanning transmission electron microscopy. From Fig. 3b, the grain size
was calculated to be ~50 nm. It is also shown that the nanograin
size is decorated by a shell-like monocrystalline layer (~3e5 nm),
which have originated from the nonhomogeneous decomposition
and interdiffusion of the a1 ﬁlm and Pt layer during HT annealing. It
was also observed that the surface segregation of L10-FePt grains
exists [30,32].
To understand the interdiffusion role in the increase of Hci with
the ﬁlm thickness, an energy X-ray dispersive spectroscopy (EDS)
elemental mapping was performed, thereby, observing the depth
proﬁle of elements, such as Si, Pt, Ti, Fe, Co, and Ni. Fig. 4a shows the
cross-sectional distribution of each element of the as-deposited
ﬁlm along with its depth. As expected, the elemental layered
structure of the as-deposited ﬁlm is well-matched with the
designed layered structure of a1/Pt/TiO2/SiO2/Si substrate. However, after annealing the ﬁlm at 800  C for 60 min, element redistribution was observed in Fig. 4b, indicating the interdiffusion
of the elements. Elemental depth proﬁles were obtained through a
linescan to conﬁrm this interdiffusion, as shown in Fig. 4c and d, for
the as-grown and annealed ﬁlms, respectively. Fe, Co, Ni from a1
ﬁlm moved towards the interface between Pt and TiO2, indicating
that the transition metals are alloyed with Pt. As a result, (Fe, Co,
Ni)ePt alloy is formed, which is in agreement with the XRD results
in Fig. 1a and b, proving the coexistence of antiferromagnetic or

2. Experimental details
Alnico a1 ﬁlms (2-inch Fe52Co35.8Al5.6Ni5.3Ti0.9Cu0.4 at%. target,
ACI Alloys Inc., USA) of Alnico IX were deposited on (111) oriented
Pt (100 nm)/TiO2/SiO2/Si substrate using a high vacuum DC sputtering system (AJA International, USA) with a DC power of 50 W.
The base pressure was 5  108 Torr, and the working pressure was
maintained at 3 mTorr with 20 sccm of Ar ﬂow. The deposition rate
was about 0.2 nm/s. Film thickness was measured using a surface
proﬁler (KLA Tencor D500). The as-deposited ﬁlms were annealed
at 800  C for 60 min under 5  108 Torr vacuum to investigate the
effect of inter-diffusion on Hci. An X-ray diffractometer (XRD, Philips X’pert), transmission electron microscopy (TEM, FEI Tecnai),
scanning electron microscopy (SEM, JOEL 7000) attached with
Energy Dispersive Spectroscopy (EDS), and atomic force microscopy (AFM, Park system XE70) were employed to characterize the
phase, microstructure, chemical composition and surface roughness of the ﬁlms, respectively. Also, a vibrating sample magnetometer (VSM) was used to characterize the magnetic properties of
ﬁlms at room temperature by applying an in-plane magnetic ﬁeld
up to 2 T.
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Fig. 1. (a, b) X-ray diffraction patterns; (c, d) SEM and AFM surface images of 140 nm thick as-deposited ﬁlm, respectively; (f, g) SEM and AFM surface images of 140 nm thick ﬁlm
annealed at 800  C for 60 min, respectively; (eeh) shows the 3-dimensional (3D) AFM images for (d), and (g), respectively.

Fig. 2. (a)Magnetic hysteresis loops of as-deposited (RT) and annealed (HT) Alnico a1 ﬁlm grown on (111)-oriented Pt/TiO2/SiO2/Si substrate with different thickness, (b) the
coercivity as a function of specimens with various conditions.
3
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Fig. 3. Cross-sectional bright-ﬁeld (BF) scanning transmission electron microscopy (STEM) images of as-deposited, 140 nm thick ﬁlm.

Fig. 4. (a, b) Cross-sectional SEM view, and Energy X-ray dispersive spectroscopy (EDS) elemental mapping, and (c, d) line scan for the as-deposited and annealed Alnico a1 phase
ﬁlms grown on Pt/TiO2/SiO2/Si substrate.

Fe, Ni)Pt phase by varying the Alnico ﬁlm thickness, which provides
an alternative way to produce the high textured magnetic ﬁlms
with a high coercivity of ~5.4 kOe.

paramagnetic L12 (Co, Fe, Ni)Pt3 and ferromagnetic L10 (Co, Fe, Ni)Pt
phase in the annealed thin ﬁlms. As we observed from the magnetic
hysteresis loops in Fig. 2a, L10 (Fe, Co, Ni)Pt has a large magnetocrystalline anisotropy. Therefore, the annealing process enhances
the occurrence of this L10 (Fe, Co, Ni)Pt phase, consequently, Hci of
annealed ﬁlm increases. Inter-diffusion leads to the formation of
large 50 nm spherical L10 a1Pt grains with magnetocrystalline
anisotropy, which contributes to the enhancement of coercivity.
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4. Conclusions
We successfully synthesized the Alnico/Pt L10 phase with high
magnetic coercivity through an interdiffusion phase transition
process by using HT annealing. The interdiffusion produces
enhanced magnetocrystalline anisotropy and phase transition between paramagnetic L12 (Co, Fe, Ni)Pt3 and ferromagnetic L10 (Co,
4
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