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Abstract

The structural and magnetic properties of nanostructured Co-rich transition-metal alloys, Coi0-xTMx
(TM = Hf, Zr and 10 < x < 18), were investigated. The alloys were prepared under nonequilibrium
conditions using cluster-deposition and/or melt-spinning methods. The high-anisotropy HfCo7 and
Zr2Cou structures were formed for a rather broad composition region as compared to the equilibrium
bulk phase diagrams, and exhibit high Curie temperatures of above 750 K. The composition, crystal
structure, particle size, and easy-axis distribution were precisely controlled to achieve a substantial
coercivity and magnetization in the nanostructured alloys. This translates into high energy products
in the range of about 4.3-12.6 MGOe, which are comparable to those of alnico.

1. Introduction

The science and technology of developing new magnetic materials for energy production
and transportation are critical in response to the most significant worldwide challenges on
energy and environmental security.l'# This is mainly owing to the critical-material aspects
of rare-earth elements and an ever-increasing demand of permanent magnets in a wide
range of applications. Besides having a high Curie temperature T, a permanent-magnet
material must also exhibit a high energy product (BH)max, the maximum of the product of
the magnetic field induction B and the magnetic field H in the second quadrant of the BH
curve.l>7l (BH)max is generally related to the remanent magnetization M:, and coercivity H,
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which basically originates from the magnetocrystalline anisotropy Ki. Theoretically, the
maximum possible energy product is (BH)max = ]%/4, when a magnet exhibits a square M-
H loop with a M equal to the saturation magnetization Ms (Js = 47tMs is the saturation mag-
netic polarization) and a coercivity greater than Ms/2.15-11]

Mn-based alloys such as MnBi, MnAl, and MnGa and Llo-ordered FePt are widely in-
vestigated rare-earth-free permanent-magnet materials due to their high Ki and Te val-
ues.>17] The Mn-based alloys, however, exhibit relatively low (BH)max values (4.7-7.7
MGOQe) as compared to alnico (= 10 MGOe) and rare-earth-based magnets such as Nd-Fe-
B (= 60 MGOe) and Sm—Co (= 30 MGOe) and this is mainly due to their low Js in the range
of 5.9- 7.5 kG.3 12171 L1o-ordered FePt have shown (BH)max up to 54 MGOe, but the high
cost of Pt is a limiting factor for bulk applications.[' 18] Recently there has been an intensi-
fied research on Co-rich transition-metal alloys such as HfCo7 and Zr2Cou crystallizing in
noncubic high-anisotropy structures to develop new rare-earth-free magnetic materials
with high energy products.l'*?”] However, as shown in the equilibrium Co-Hf phase dia-
gram (figure 1(a)), the metastable nature and/or the requirement of high formation tem-
perature of about 1050-1230°C for HfCor phase indicate that a precise control of the
composition and a rapid cooling process after the alloy formation are required to obtain
the phase purity.! Although the Co—Zr phase diagram shows Zr2Cou phase for the tem-
perature range of about 300-1254°C at about 15.4 at.% of Zr as shown in figure 1(b),[*! a
high-temperature growth or annealing process followed by a rapid quenching/cooling was
generally used to obtain high-anisotropy crystal structures in the bulk alloys.[9-2]
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Figure 1. Binary phase diagrams: (a) Co-Hf?%! and (b) Co-Zr.*’]

Melt spinning and gas-aggregation-type cluster deposition, in which the alloy for-
mation and crystallization process occur in nonequilibrium conditions, have been shown
to be promising methods for the synthesis of nanostructured HfCoz and ZrCou: alloys.[**
20,2421 A rapid cooling process during the melt spinning helps to reduce substantially the
formation of secondary phases.!"% 201 In comparison, nanoparticles smaller than 10 nm can
be directly ordered during the gas-aggregation process using a cluster-deposition method,
without the requirement of a high-temperature annealing, and this process also facilitates
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the alignment of the easy axes prior to deposition, when applying a magnetic field.2> 26301
In this study, we present the structural and magnetic properties of nanocrystalline
Co100«TMx (TM = Hf, Zr) bulk alloys with varying compositions 10 < x < 18 prepared using
melt spinning, and the results are compared with those of cluster-deposited nanoparticles
using Coio-xHfx system as a typical example. We emphasize the need to control composi-
tion, particle size, exchange interactions, and nanostructuring including the easy-axis
alignment and compaction to obtain high energy products in the nanostructured alloys.

2. Experimental methods

Nanocrystalline Cow0xTMx alloys (TM = Zr, Hf and 10 < x < 18) were prepared using melt
spinning.['% 24 For this, a conventional arc-melting process was used to prepare alloys hav-
ing the desired compositions from the pure elements.["% 2! Following this, arc-melted alloys
are remelted to a molten state in a quartz tube and subsequently ejected on the surface of
a rotating copper wheel to form nanocrystalline ribbons.

In the case of cluster deposition,? 31l a composite target was sputtered using a direct-
current magnetron discharge into a water-cooled gas-aggregation chamber to form crys-
talline CowoxHfx (10 < x < 18) nanoparticles, which were extracted toward the substrate
kept at room temperature in a deposition chamber. The composition of the Coio-Hfx na-
noparticles was varied by mainly controlling the stoichiometry of the sputtering target.
The nanoparticle samples were capped with a thin SiO:z cap layer immediately after depo-
sition using a radiofrequency magnetron sputtering gun employed in the deposition cham-
ber. This is necessary to prevent the oxidation of nanoparticle samples on exposure to air.

X-ray diffraction (XRD: Rigaku D/MaxB diffractometer), scanning electron microscope
(SEM: FEI Nova NanoSEM450 and JEOL JSM 840A scanning electron microscope for EDX
analysis), and transmission electron microscope (TEM: FEI Tecnai Osiris) measurements
were carried out to investigate the structural properties. A superconducting quantum in-
terference device (SQUID) magnetometer and a physical property measurement system
(PPMS) from Quantum Design were used for magnetic characterization. Note that the na-
noparticles were deposited with low coverage densities on carbon-coated copper grids for
TEM measurements. For XRD and SQUID measurements, dense-packed nanoparticle
films were fabricated on Si(001) substrates.

3. Results and discussion

The surface speed of the copper wheel was varied from 25 to 70 m s-! to increase the cooling
rate during the melt-spinning process, which reduces the grain size and also improves the
phase purity. For example, the structural and magnetic properties of the melt-spun
CossZr16 ribbons prepared at two different wheel speeds (45 and 70 m s) are presented in
figure 2. TEM images, as shown in figures 2(a) and (b), reveal that the melt-spun ribbons
are nanocrystalline, and also show a decrease in the average grain size from about 120 to
50 nm on increasing the wheel speed from 45 to 70 m s-. The corresponding XRD patterns
are shown in figure 2(c). Although the Zr.Cou phase corresponds to 15.4 at.% of Zr in the
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equilibrium Co—Zr phase diagram, the Zr2Con compound is often obtained for stoichiom-
etry corresponding to ZrCos.1.20! The crystal structure of Zr2Cou also remains elusive and
under dispute.l'%2 Zr:Cou is, however, reported to crystallize in orthorhombic or rhom-
bohedral structures.?l In the present study, the XRD patterns of the nanocrystalline
Co84Zr16 ribbons have intense XRD peaks corresponding to both rhombohedral and or-
thorhombic Zr2Cou structures, in addition to only a very weak-intensity peak of the cubic
ZrsCo2s phase as shown in figure 2(c). This result shows that Cos:Zr1s ribbons are predom-
inantly Zr:Con.
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Figure 2. Melt-spun nanocrystalline CosiZr1s alloys prepared at different wheel speeds (45
and 70 m s7): (a) and (b) TEM micrographs. (c) XRD patterns. (d) Room-temperature hys-
teresis loops.

In addition to Zr2Cou and ZéCozs phases, generally the melt-spun Zr—Co ribbons also
contain cubic Co, which is difficult to be quantified using XRD patterns. This is mainly due
to the coincidence of the peak position of the most intense XRD peak corresponding to the
cubic Co with the XRD peaks of the predominant Zr.Cou: phase as indicated in figure 2(c).
Thermomagnetic measurements, however, showed only a small fraction of Co in the melt-
spun Zr—Co ribbons, which is about 1.5-7.0 vol.% and depends on wheel speed and the
stoichiometry of the ribbons.l"! It is also worth noting that the rhombohedral structure is
reported to form first during the solidification process and subsequently transforms to or-
thorhombic structure at low temperatures.l?l In agreement with this, an improvement of
the cooling rate on increasing the wheel speed improves the content of the rhombohedral
Zr2Cou as compared to that of orthorhombic Zr2Cou: as shown by the relative changes in
the intensity of the XRD peaks of the corresponding structures in figure 2(c). In addition,
the relative intensity changes of the XRD patterns of CossZris alloys also indicate that the
contents of Co and ZrsCo2s decrease on increasing the wheel speed from 45 to 70 m s-.

The M-H loops measured along the long axis (ribbon direction) for the ZrisCoss ribbons
at 300 K are shown in figure 2(d) and reveal the following results. First, the shape of the
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M-H loop for the ZrisCoss alloys prepared at 45 m s clearly suggests the presence of soft
phases, which are probably Co and ZrsCozs as revealed by the XRD results. On increasing
the wheel speed to 70 m s, the M-H loop exhibits nearly a single-phase behavior and also
shows an increase of coercivity (Hc) to 2.4 kOe. This result can be attributed to a substantial
decrease of the content of the soft phases such as Co and ZrsCoz. Second, M does not sat-
urate completely even for H = 70 kOe (not shown in figure 2(d)), indicating high magneto-
crystalline anisotropies in the samples. The law-of-approach to saturation method was
used to evaluate Ki and Js.”.32l For example, this analysis yields a high K1 =13.5 Mergs cm-
3 and a high Js = 9.7 kG for the nanocrystalline CosiZris alloy prepared at 70 m s-'. From
this, the magnetic anisotropy field HA is estimated to be 34.9 kOe using the relation Ha =
2Ki/Ms and this result is consistent with the reported value of about 34 kOe for ZrCou.[?2
Similarly, the structural and magnetic properties were tailored for the melt-spun HfCor
alloys having orthorhombic structure by varying the wheel speed, and a high Ki = 19:4
Mergs cm= was obtained with Js =11.8 kG and Hc = 2.4 kOe for a wheel speed of about 40
m s7.. In the case of orthorhombic HfCo7, we also have evaluated the magnetic properties
using density-functional calculations, and this analysis yields a K1 = 16.7 Mergs cm= and Js
=11.4 kG, which are in good agreement with the experimental results.l? Zr.Co11 and HfCor
exhibit magnetic anisotropies comparable with those of Mn-based alloys, but Js is higher
and comparable with that of SmCos (Js = 10.7 kG).I 12

According to the equilibrium phase diagrams, the intermetallic HfCor and Zr2Comn
phases generally form for ideal compositions of about 12.5 Hf at.% and 15.4 at.% Zr, re-
spectively.?8 21 We have investigated the structural stability of HfCoz and Zr.Cou in the
nanocrystalline Coio-xHfx and Co1o-+Zrx alloys respectively by varying the value of x close
to the corresponding ideal compositions. Figure 3(a) shows the XRD patterns of the nano-
crystalline Coio~Hfx with x varying from 11.0 to 16.7 at.%. The standard positions of x-ray
diffraction peaks corresponding to orthorhombic HfCo7 and cubic HfCo2 are shown as red
and blue vertical lines, respectively, in figure 3(a).[2* 33 3 For compositions x =11.0 and 12.5
at.%, the positions of the x-ray diffraction peaks are in good agreement with the standard
data corresponding to the orthorhombic HfCoz phase.?*l XRD patterns for x = 14.6 and 16.7
at.% also show all the intense diffraction peaks corresponding to HfCor, but they also ex-
hibit a weak hump at 20 = 43.5° and a new peak at 20 = 37.5°, closer to the standard data
of the most intense diffraction peaks of the cubic HfCoz phase.® 34 This result is also sup-
ported by the appreciable Hc (2.0-2.4 kOe) and Js (8.9-11.8 kG) observed at 300 K in the
composition ranges indicated by the black-dotted rectangle in figure 3(b), where the major
phase is high-anisotropy HfCor.
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Figure 3. Melt-spun nanocrystalline Coio~Hfx alloys prepared at a wheel speed of 40 m
s7. (a) XRD patterns, where the standard XRD peak positions for orthorhombic HfCor and
cubic HfCoz are given as red and blue vertical lines, respectively.[?* 3% 34 (b) Coercivity H.
and saturation magnetic polarization Js at 300 K as a function of x. The dotted rectangle
represents the composition ranges having major high-anisotropy HfCo7 phase.

Similarly, the nanocrystalline Co1o-Zrx alloys with 15.0 <x < 16.5 reported in the present
study show predominant high-anisotropy Zr2Cou phase and exhibit Hc (0.5-2.5 kOe) and
J5(9.7-10.3 kG) at 300 K (not shown in figure 3). Further, Zr.Cou phase with about 86 vol.%
was obtained in the melt-spun Co1o«Zrx ribbons even for a high x =21.1° Note that ZréCo2s
phase is the favorable phase for x = 21 according to the Co—Zr phase diagram, and thus the
extended stability of the Zr2Cou phase observed in the present study can be attributed as
due to the nonequilibrium melt-spinning process.

As already explained, a high Tc and a high (BH)max are key figures of merit for a permanent-
magnet material. The M-T curves for the nanocrystalline melt-spun HfCoz and Zr2Co al-
loys are shown in figures 4(a) and (b), respectively. The experimental M does not reach
zero for a high temperature of about 900 K, and has a nonzero tail. This is presumably due
to the presence of Co, which has a high T. = 1388 K.[6 3 To fit the experimental data, we
have used the implicit equation

T(m, h) = (1=mBY25 + h/m, )

where m = (M — Mco)/(Mo — Mco) is the reduced normalized magnetization after removing
the Co background or contribution of cobalt to the total magnetization (Mco). Mo is the T =
0 magnetization, t = T/T., and B describes the magnetization contribution from Bloch’s
law.136,37] Furthermore, h ~ H/Hwr is a magnetic field parameter, where Hwr is the molecular
field. At low temperatures, equation (1) reproduces Bloch’s law M = Ms(1 — B(T/Tc)3?).136. 371
Near T, the critical behavior is reproduced slightly better than that obtained by the mean-
field approximation, with a critical exponent § = B = 0.3. Above T, it reproduces the Curie-
Weiss law, M ~ H/(T - T¢).
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Figure 4. Temperature-dependent magnetization (M-T) curves measured in a magnetic
field H = 1 kOe for melt-spun alloys: (a) HfCor. (b) Zr2Con. The experimental data were
fitted to evaluate the Curie temperature Tc using equation (1).

Figures 4(a) and (b) compare the predictions from equation (1) with the experimental
data. For HfCoy, figure 4(a), the fit yields Tc =751 K; Mo =47.2 emu g, and Mco = 9.5 emu
gl. For Zr2Con, the values are Tc =783 K; Mo =47.3 emu g, and Mco = 4.8 emu g (figure
4(b)). Note that equation (1) is approximate but reproduces the experimental data with a
remarkable accuracy. The main reason is the structure of the Landau free energy F(M),
which is approximately linear in T — Tc but generally exhibits a very complicated and dif-
ficult to invert dependence on M. Note that T. =751 K (HfCor) and Tc =783 K (Zr2Co11) are
consistent with the reported T. for Hf~Co and Zr—Co based alloys, respectively.[?> 7]

The rare-earth-free Co-rich intermetallic compounds exhibit a high s of about 11.8 kG
(HfCor) and 9.7 kG (Zr2Cou1) at 300 K, which can theoretically yield maximum energy prod-
ucts of about 34.8 and 23.5 MGOe, respectively. We have determined the energy products
from the room temperature B and (BHi) curves for the nanocrystalline melt-spun HfCor
(figure 5(a)) and Zr2Cou (figure 5(b)). Hi = H — NM: is the internal field, where N is the
demagnetization factor and is ideally zero for the nanocrystalline ribbon samples meas-
ured along the long axis. We have also estimated N to be zero along the ribbon directions
by comparing the slopes (micromagnetic susceptibilities) of the in-plane and out-of-plane
M-H curves.5 & 47 Figures 5(a) and (b) yield only moderate (BHi)max values of 4.3 MGOe
(HfCo7) and 5.2 MGOe (Zr2Co11), and these values are much lower than the above-men-
tioned corresponding theoretical maximum. This is mainly due to the low remanent mag-
netization of HfCor (My/Ms = 0.59) and Zr2Cou (M:/Ms = 0.64). Generally M:/Ms for a
uniaxially isotropic crystal is about 0.50 and a small increase of M:/Ms observed in the
nanocrystalline ribbons is probably due to the exchange interaction between the magnetic
grains. However, an alignment of easy axes in HfCo7 and Zr2Cou alloys is highly desirable
to obtain a further increase of M:/Ms and subsequently to improve the energy products.
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Figure 5. Room temperature B and BHi curves as a function of Hi for the melt-spun
isotropic alloys: (a) HfCo7 and (b) Zr2Con.

As compared to the melt spinning, cluster deposition has been shown to produce single
phase HfCor and Zr.Co1 nanoparticles that are smaller than 10 nm, without the require-
ment of a high-temperature annealing.*> 261 For example, the TEM micrograph (figure 6(a))
and the corresponding particle size histogram of CossHf11 nanoparticles (top inset of figure
6(a)) show a narrow size distribution with an average particle size of about 7.7 nm and a
standard deviation ¢/d = 0.17. In addition, a high-resolution TEM image of a single nano-
particle reveals a high degree of crystalline ordering by showing the lattice fringes (bottom
inset). In the case of the cluster deposition method, the growth of nanoparticles occurs via
a nonequilibrium gas-aggregation process in a dc plasma-discharge region, where the
sputtered atoms gain sufficient energy via collisions with ions to form ordered nanoparti-
cles with high-anisotropy structures.[?5 265138 XRD measurements were used to investigate
the composition-dependent phase changes in Co1oxHfx nanoparticles.

a ..;"i'_.;f’}'rl&f‘ *4 $160 d=7.7nm (b)
( )a:..:.' ': }?’ %120 old =0.17 —_
Mgt gy, Tm (S a0 S
» G 40 ]
lf"t“‘ilgo =4
! o o 0 4 8 12 16 200 X
o T, %y Particle size (nm) g
‘.'-‘ . 'y - m
-
=
£

5 1I0.0 at./n' ' '

36 42 48 54

20 (deg.)

Figure 6. Structural properties of CowoxHfx nanoparticles. (a) TEM image for CossHf11 na-
noparticles. The corresponding particle size histogram (top) and a high-resolution image
of a single nanoparticle (bottom) are given as insets. (b) XRD patterns. The standard XRD
peak positions for orthorhombic HfCor, cubic HfCo2, and hcp-Co are given as red, blue,
and green vertical lines, respectively.[2 33 34 3
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Figure 6(b) shows the XRD patterns for Coi-~Hfx nanoparticle films having different
compositions. The standard XRD data for orthorhombic HfCoz, cubic HfCo2 and hcp-Co
are given as red, blue, and green vertical lines, respectively, in figure 6(b).12 3% 34 31 For x =
10, the XRD patterns show a mixture of Co and HfCo7. The Cowo~Hfx nanoparticles are
predominantly orthorhombic HfCo7 for 11.0 < x < 14.1 as shown in the case of the XRD
pattern of CoszsHf125 nanoparticles. For high values of x (15.6 and 18), an additional weak
and broad hump appears at around 26 = 43.5° as shown in the case of Cos:Hfis nanoparti-
cles, which is close to the standard position of the most intense diffraction peak of the cubic
CozHf.

Generally the easy axes of nanoparticles are aligned using a magnetic field during the
crystallization/deposition process to improve M:.12 2630, 4043 [n the present study, the sta-
bilization of high-anisotropy crystal structures was directly achieved in the cluster-
deposited nanoparticles without a subsequent high-temperature annealing, and this is an
important processing step to align the easy axes prior to deposition. For magnetic charac-
terization, as schematically shown in figure 7(a), Cowo~Hfx nanoparticles are aligned with
a magnetic field of about 5 kOe prior to deposition on Si(001) substrate as described else-
where.[?> 261 As compared to the melt-spun CowoxHfx ribbons, the aligned nanoparticle
films show high Hc values at 300 K (figure 7(b)) and also exhibit a high M:/Ms = 0.85 (not
shown in figure 7(b)) along the easy axis. We also estimated the easy-axis distribution in
the aligned nanoparticles from M:/Ms = 0.85 by following standard methods.[? 44 The
aligned HfCor nanoparticles show a narrow normalized easy-axis probability distribution
p(0) with a half width at half maximum of about 26° (figure 7(c)), where 0 is the angle
between the easy axis and the direction of the applied field during the measurement (or
the direction of the alignment field in figure 7(a)). In addition, this analysis also shows that
about 70% of nanoparticles are within the alignment angles smaller than 30°.
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Figure 7. Easy-axis alignment of CowoxHfx nanoparticles: (a) experimental setup showing
the schematic of the alignment.?> 2%l (b) Room temperature coercivities Hc measured along
the easy axis. (c) The normalized easy-axis distribution function p(6) for HfCor nanopar-
ticle films, where 0 is the angle between the easy axis and applied field during the meas-
urement (direction of the alignment field Ha). (d) The room-temperature B and BHi curves
as a function of Hi for HfCor.

The easy-axis alignment of HfCoz nanoparticles leads to a high remanent magnetic field
induction Br=9.1 kG and a high (BHi)max=12.6 MGOe as shown in figure 7(d). N = 0.15 was
used to obtain Hi for HfCo7 nanoparticle films and this is estimated by comparing the
slopes (micromagnetic susceptibilities) of in-plane and out-of-plane M(H) curves of iso-
tropic HfCor thin-film samples.[5 ¢ 471 Note that the packing fraction of nanoparticles is gen-
erally below full compaction in the films,['”. 2%l and thus (BHi)max obtained for the HfCor
nanoparticle film from figure 7(d) is a nominal value. However, the volume fraction of
magnetic materials in the cluster-deposited films have been shown to be improved via
forming exchange-coupled nanocomposites by code-positing high-anisotropy nanoparti-
cles and a soft magnetic phase.[?! Besides achieving a packing fraction close to a full com-
paction, the energy products also improved due to the exchange coupling between the
hard and soft phases.®!

Although the cluster-deposited HfCor nanoparticles exhibit a higher energy product of
about 12.6 MGOe than that of the best alnico magnet, this value is less than the maximum
achievable energy product of about 34.8 MGOe in HfCor. The Stoner-Wohlfarth model
predicts a maximum possible He = 2Ki/M; for easy-axis aligned noninteracting single-
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domain particles.l> & 4] Thus, for HfCoz nanoparticles having Ki = 19.4 Mergs cm=3; H.
should be far higher than the observed maximum value of 4.4 kOe. The aligned HfCor
nanoparticles are, however, dense-packed in the cluster-deposited films, and this leads to
the interparticle interactions, which subsequently decreases He. Thus the present results
show that it is essential to minimize the interparticle interactions in nanoparticles to in-
crease the energy products approaching theoretical maximum. One of the possible ways
to achieve this goal is to fabricate idealized nanostructures in which the easy-axis aligned
nanoparticles are isolated by a nonmagnetic layer, which can maintain a high Hc by pin-
ning the domain-wall motion.[% 1.4 50 Since the energy product also directly depends on
the packing fraction of magnetic phases, it is also important to maintain the thickness of
the nonmagnet layer to be as small as possible (typically a monolayer). This study shows
that (BH)max value close to the theoretical maximum can be achieved only by obtaining
nearly perfect crystallographic alignment of the easy magnetization axes, controlling the
exchange interactions between the magnetic grains, and substantially reducing the non-
magnetic phases or achieving a complete packing of magnetic phases.-11]

4. Conclusions

Nanostructured Coi0xTMx alloys (TM = Hf, Zr) having 10 < x < 18 were prepared using
melt-spinning and cluster-deposition methods. XRD studies show that the nonequilibrium
growth conditions facilitate the stability of the intermetallic HfCo7 and Zr:Con phases for
extended composition ranges. The results provide further insights to understand the for-
mation of the metastable phases and tailor their permanent-magnet properties. Nanostruc-
tured rare-earth-free Co-rich alloys exhibit high Curie temperatures of above 750 K and
also show a maximum energy product of about 12.6 MGOe in the case of the cluster-
deposited HfCo7 nanoparticle film, which is high for permanent-magnet alloys not con-
taining critical rare-earth elements and expensive Pt. The nanostructured alloys can be ex-
ploited in applications that require magnets with energy products in the intermediate
range between alnico and RE-containing materials.
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