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Nitrided and Carbided Magnets

G.C. Hadjipanayis, Y.H. Zheng, A.S. Murthy, W. Gong, and F.M. Yang

In this article, we review our recent studies on new rare-earth intermetallic compounds including the Ga,
Si substituted 2:17-type compounds, their nitrides, carbides, and the Sm3 (Fe,Ti)29Ns compounds. Much
of our recent work is focused on the Smz(Fe,Ga)17Cx alloys where we used melt spinning and subsequent
annealing to obtain high coercivity, The highest coercivity obtained so far was in Sm2Fe14Ga3C2.5 with a
value of 12.8 kOe at room temperature. The off-stoichiometric Sm2Fe14_yCoxSizNy nitrides maintain the
Th2Zn17-type structure but with a unit-cell expansion AVV up to 5% compared to the host materials. The
Sm2Fe14-xCoxSizC; carbides maintain the ThaZny7-type structure when z=1 and transform to the
BaCdiji-type structure when z = 2. A very large anisotropy field with an applied magnetic field (H3) value
of 227 kOe for Sm2Fe14Si2N2.6 and 276 kOe for Sm2Fe19C04Si2N2.3 is observed at low temperature (1.5
K). The Sm3(Fe,Ti)2oNs compound and its nitrides show very interesting magnetic properties. Both of
these compounds exhibit ferromagnetic ordering with Curie temperature (T¢) of 486 and 750 K, respec-
tively. The room temperature saturation magnetization is 119 emu/g for the parent compounds and 145
emu/g for the nitrides. The easy magnetization direction changes from planar to uniaxial upon nitrogena-

tion. The anisotropy field for the nitrides is 12 T at room temperature and 25 T at 4.2 K.
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1. Introduction

FOR a long time, the R,Fe 5 intermetallic compounds were not
considered as potential permanent magnet materials because of
their low Curie temperature and planar magnetocrystalline an-
isotropy. However, after the discovery of the gas-phase intersti-
tial modification (GIM) process, it was found that interstitial
Sm,Fe;; nitrides and carbides have dramatically improved
magnetic properties over those of the parent compounds, mak-
ing them suitable candidates for permanent magnets (Ref 1, 2).
These materials are highly metastable; they decompose into
RN(C) and atFe upon heating to 700 °C. The problem of decom-
position was partially solved in arc-melted R,Fe,/C,, where
Fe4C was used to form the ternary carbides, but the carbon con-
tent is well below 2, with x = 1.5 for heavy rare-earth elements
and x = 1 for light rare-earth elements (Ref 3, 4). Recently, it
was discovered that substitution of Ga for Fe in Sm,Fe,C,
helps the formation of high-carbon, rare-earth compounds with
the 2:17-type structure (Ref 5, 6). We extensively studied the
structural and magnetic properties of melt-spun alloys with
compositions Sm,Fe;,_M, ny (M = Ga, Al) (Ref 7) where opti-
mization studies in composition and heat treatment were made
to obtain a high value of coercivity.

The incorporation of Si atoms in the lattice of R,Fe |, signifi-
cantly enhanced the Curie temperature and produced spin-re-
orientation transition region in the Er,Fe 5 alloy system (Ref 8,
9). The off-stoichiometric compounds R,Fe, _,Co,Si, withR =
Y or a heavy rare-earth element were studied and found to have
interesting properties (Ref 10). Substitution of Co for Fe led to

G.C. Hadjipanayis, Y.H. Zheng, A.S. Murthy, and W. Gong, Dept.
of Physics and Astronomy, University of Delaware, DE 19716, USA;
and F.M. Yang, Institute of Physics, Chinese Academy of Science,
Beijing, China.

Journal of Materials Engineering and Performance

anincrease in the Curie temperature and spin reorientation tem-
perature in several compounds. However, due to the antiferro-
magnetic coupling between the heavy rare-earth and transition
metal atom moments, the saturation magnetization of these
compounds is very low, and none of them exhibit a uniaxial an-
isotropy at room temperature. We recently extended these stud-
ies to the compounds with R = Sm, its nitrides and carbides.

Very recently, a novel ternary Nd,(Fe,Ti),o intermetallic
phase was reported (Ref 11). The composition of this phase is
Nds(Fe,Ti),g, and its structure is an intermediate phase be-
tween the 1:12 and 2:17 type structure. The new phase was also
obtained with R = Sm (Ref 12). The Smy(Fe,Ti),q compound
exhibited a ferromagnetic coupling with a Curie temperature
around 486 K, but with a planar anisotropy. We recently pre-
pared the Smy(Fe, Ti),gnitrides and investigated their structural
and magnetic properties with emphasis on the magnetocrys-
talline anisotropy.

2. Experimental

Samples with desired composition were prepared by arc
melting the constituent materials with at least 99.9% purity un-
der purified argon gas. An excess of 5 to 15% Sm was added to
compensate for the Sm loss during arc melting because of its
high vapor pressure. After arc melting, the alloys were vacuum
annealed at 1000 to 1100 °C for 1 to 24 h to get a single phase.
The carbides were obtained by arc melting using the Fe;C alloy
as the carbon-containing material. The nitrides were obtained
by the GIM method. The ingots were pulverized to an average
particle size of about 20 to 30 pm, and the powder samples ob-
tained were then heated in purified N, gas under a pressure of
about 1.7 atm at 770 to 870 K for 10 to 60 h to form the nitrides.
The crystal structure studies were made by x-ray diffraction
(XRD) using a Cu-Ka radiation. XRD patterns on aligned pow-
der samples were used to determine the easy magnetization di-
rection of the compounds. Thermomagnetic curves were
measured using a vibrating sample magnetometer (VSM) with
an applied field of 500 Oe. The magnetization curves were
measured using a superconducting quantum interference de-
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Fig. 1 Hysteresis loop of an aligned SmjFe;4Ga3Cy 5 powder
sample measured in the alignment direction

vice (SQUID) magnetometer with an applied field of 55 kOe
and at temperatures between 4.2 K and room temperature. The
anisotropy field was determined from magnetization curves
measured along and perpendicular to the alignment direction.
The high field magnetization curves were measured with an ap-
plied field of 35 T at 4.2 K in the high field installation at the
University of Amsterdam.

3. Results and Discussion

3.1 szFel-,_xGa,Cy

XRD mecasurements showed that the as-cast Sm,Fe ,Ga;C,
compounds (x =1, 1.5, 2, 2.5) have a single phase with the
ThyZn,+type structure. An attempt was first made to prepare
powders from the as-cast samples. Figure 1 shows the hystere-
sis loop of a powder sample with a composition
Sm,Fe ,Ga;C, 5 aligned in molten wax using an applied field
of 20 kOe and then measured in a direction parallel to the align-
ment direction. The data showed a substantial coercivity of 4.5
kOe and a saturation magnetization, M, of 88 emu/g. The
high coercivity suggests a high anisotropy field for the
Smy(Fe,Ga);,C, phase.

The as-spun ribbons obtained for all compositions were
amorphous. The ribbons were subsequently annealed to be
crystallized into the 2:17-type phase (Fig. 2). The effect of an-
nealing temperature on coercive force (H_) is shown in Fig. 3
for the SmyFe, ;Ga,C, samples. At each annealing temperature,
the samples were annealed for 20 min. H_ reached a maximum
value of 12 kOe for Sm,Fe, sGa,C, samples when annealed ata
temperature of 850 °C. Similar results were also observed for
the Sm,Fe | Ga;yC, 5 samples (Fig. 3). A maximum value of H
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Fig.2 XRD pattern of SmyFe|5Ga;C, annealed at 800 °C for
20 min

of around 12.8 kOe was observed in samples with composition
Sm,Fe, ,Ga;C, s after annealing at 800 °C for 20 min.

The demagnetization curves of the samples that were an-
nealed at a higher temperature of 800 °C indicated the presence
of two phases with coarse grains (Fig. 4), which were found to
be oFe and the 2:17-type phases (Fig. 2). Annealing at a lower
temperature of about 700 °C was also conducted, and the coer-
civity obtained was significantly lower (H_ =~ 5 kOe), but the
reduced remanence, mg, was much higher (68%) than that ob-
tained at higher annealing temperatures. In this annealing con-
dition, the coercivity did not change appreciably with
annealing time, for times in the range of 20 to 90 min.

The transmission electron microscopy (TEM) studies car-
ried out for ribbon samples of Sm,Fe;5 Ga,C,(x=2,3 and y
=1, 1.5, 2, 2.5) annealed at temperatures ranging from 700 to
850 °C all indicated the presence of a mixture of aFe and 2:17-
type phases. Figure 5 shows a typical dark-field image with the
corresponding diffraction pattern for a ribbon sample of
Sm,Fe;sGa,C, annealed at 700 °C for 20 min. From this dark-
field image, besides grains that measured approximately 25
nm, very fine features with an appearance of a mottled structure
are present on a nano-scale. These features measuring a few
nanometers could be characterized as due to a very fine-grained
2:17 phase present along with a aFe phase. This observation of
such a fine-grained structure agrees well with the XRD results
where the peaks corresponding to both 2:17-type and
oFephases were highly broadened. These samples also gave
rise to a smooth demagnetization curve with a high reduced re-
manence, a behavior characteristic of “exchange-coupled”
magnets consisting of a mixture of fine-grained hard and soft
phases. The TEM studies carried out for samples of the same
composition, but annealed at 800 °C, indicated a substantial in-
crease in the grain size. Figure 6 shows a typical dark-field im-
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Fig.3 Dependence of coercivity on annealing temperature (an-
nealing time = 20 min) for Sm;Fe|5Ga;C; and SmyFe(4Ga3Cy 5
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Fig. 4 Hysteresis loops of SmyFe|5GayCy ribbons annealed at

800 and 700 °C for 20 min. The demagnetization curve is
smoother when the ribbon was annealed at 700 °C.

| | ! !

age for a sample of Sm,Fe,sGa,C, annealed at 800 °C for 20
min. The average grain size in these samples is about 100 nm.

3.2 Sm,Fe 4 ,Co,Si, Compounds

XRD and thermomagnetic analysis (TMA) data showed that
all the investigated Sm,Fe,, ,Co,Si, compounds had a single
Th,Zn | +type phase (Fig. 7). Substitution of Co for Fe did not
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Fig.5 Dark-field image of an SmyFe|5GayC5 ribbon sample
annealed at 700 °C for 20 min. The selected-area diffraction pat-
tern shown in the inset corresponds to a mixture of aFe and 2:17-
type phase.

Fig.6 Dark-field image with a diffraction pattern of a
SmjFe;5Ga;C5 ribbon sample annealed at 800 °C for 20 min

lead to any change in the crystal structure even for x = 14. Fig-
ure 8 shows the Curie temperature, T, as a function of Co con-
centration. T increases almost linearly with Co content, from
514 K for x = 0 to 817 K for x = 7 with an average increase of
55 K per Co atom. The saturation magnetization at room tem-
perature as a function of Co content is shown in Table 1. The
saturation magnetization, M, increases with increasing Co
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Table1 Lattice parameters, V, T¢, Msap, Ha, and EMD in SmaFe144Co,Siz (x = 0-7) and SmyFe;55ip

Lattice parameters, nm Volume, Te, Msat, Ha,
Compound a ¢ nm’ K emu/g kOe EMD
Sm,Fe,5Si; 0.8502 1.2414 777711 512 127 Plane
Sm,Fe,,Si, 0.8484 1.2340 77.278 514 118 Plane
Sm,Fe,;CoSi, 0.8477 1.2388 77.087 569 120 Plane
Sm,Fe,Co,Si; 0.8478 1.2613 77.433 624 123 Plane
SmyFe, Co3Si, 0.8456 1.2338 76.400 672 124 . Plane
Sm,FeoCo,4Siy 0.8459 1.2379 76.462 698 124 8 c-axis
SmyFegCosSi, 0.8439 1.2338 76.088 724 122 13 c-axis
Sm,FegCogSi, 0.8414 1.2301 75.396 715 120 21 c-axis
SmyFe;CoSi, 0.8404 1.2293 75.128 817 112 23 c-axis
800
©.8a _
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Fig.7 XRD patterns of (a) SmyFe4Sis, (b) aligned
SmsFe 1C0o3Sip, and (c) aligned SmoFe 4-,C0,Si; samples

content initially reaching a maximum value of 124 emu/g atx =
3, and then it decreases for further increasing values of Co con-
tent. The increase of the saturation magnetization at room tem-
perature for small Co content may be attributed to the
enhancement in the Curie temperature. The Sm,Fe , ,Co,Si,
compounds exhibited a planar anisotropy when x=0. The
magnetocrystalline anisotropy changed from planar to uniaxial
when x > 4. Figure 7 shows the XRD forthe x=3 and x=4
aligned powder samples. For compounds with x < 3, a drastic
increase in the (h k 0) reflections and disappearance of (00 1)
reflection are observed, indicating that these samples have an
easy planar anisotropy, in contrast with the compounds with x
2 4. In the latter, only the (0 0 1) reflections are drastically in-
creased implying a uniaxial anisotropy at room temperature.
For comparison, the properties of the stoichiometric
SmyFe;sSi, compound are also listed in Table 1. Both of them
have a planar anisotropy with the saturation magnetization and
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Compositon X {(at%)

Fig.8 Curie temperature, T, as a function of Co concentration
for (A) SmpFe 4 4Co,Sip and (B) SmaFe4,Co,SioNy

unit-cell volume of SmyFe | sSi, slightly higher than those of the
off-stoichiometric Sm,Fe,Si, compound.

3.2.1 SmjFey4.,Co,Sij Nitrides

Smj,Fe 4 ,Co,Si,Y, nitrides with x = 0 and x = 4 were pre-
pared with the value of y determined to be 2 <y < 3. The ni-
trides maintained the ThyZn,,type structure, but with a
remarkable unit-cell expansion compared to the parent com-
pounds. The unit-cell volume expansion is 4.2% forx =0 (y =
2.6) and 5% for x = 4 (y = 2.3). Introduction of nitrogen led to
an increase in Curie temperature from 514 to 602 K forx =0
and from 698 to 742 K for x = 4, respectively. The increase in
T, may be partially associated with the unit cell expansion. In-
troduction of nitrogen also changed the anisotropy in
Sm,Fe,,Si, from planar to uniaxial with a room temperature
anisotropy field of H, =157 kOe. In SmjFe;,Co,Si, com-
pounds, introduction of nitrogen led to an increase in the an-
isotropy from 8 kOe to 175 kOe. A very large anisotropy field
was observed at low temperature (1.5 K) with the value of H, = 227
kOe for Sm,Fe, ,Si,N, cand H, = 276 kOe for Sm,Fe, (Co,Si;N; 5
(Table 2).
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Table2 Lattice parameters, unit-cell volume expansion, Mgyy, T¢, Ha, and EMD for nitrides, carbides, and the parent com-

pounds

Lattice parameters, nm AVIV, M, T¢, Hay, kOe
Compounds a c % emu/g K 15K 300K
Smj,Fe,,Si, 0.8484 1.2340 . 118 514 . . Plane
Sm,Fe,Si,N, ¢ 0.8633 1.2478 42 117 602 227 157 c-axis
Sm,Fe,,Si,C 0.8591 1.2387 24 109 593 205 100 c-axis
Sm,Fe,sSi, 0.8502 1.2414 127 512 Plane
Sm,FeysSi,C 0.8608 1.2448 2.7 105 580 100 c-axis
Sm,Fe,58i,C; 5 0.8648 1.2478 4.0 101 590 110 c-axis
Sm,Fe;Co,Si, 0.8459 1.2379 . 124 698 e 8 c-axis
Sm,Fe;(Co,Si,N,;  0.8633 1.246 50 113 742 276 175 c-axis
Sm,Fe;,Co,Si,C 0.8525 1.238 1.5 111 731 204 80 c-axis
3.2.2 SmjFe;4.,Co,Si; Carbides that  the  corresponding stoichiometric ~ compound,

Sm,Fe 4 Co,Si,C, with x = 0 and x = 4 were prepared by
arc melting. The values of z were chosen to be 0, 1, and 2. The
carbides with z =1 were of single 2:17-type phase structure,
but those with z = 2 showed a major second phase structure as
shown by XRD and thermomagnetic analysis (Fig. 9). This sec-
ond phase is believed to be the BaCd-type. Previously, a
phase transformation was reported in RFe;(SiC, alloys from
the ThyZn; -type structure to the BaCd,-type structure, which
was induced by gas-phase reaction (Ref 13). This phase trans-
formation is seen again in the SmyFe,, Co,Si,C, system. Note
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SmyFe;s8i;C, 5, showed a single Th,Zn,-type phase structure
with an M, of 101 emu/g and a T, of 590 K. The properties of
stoichiometric SmyFe,5Si,C, compounds (x =1, 1.5) are also
included in Table 2.

Introduction of C led to an increase in lattice constants ¢ and
¢, and an expansion in the unit-cell volume. However, the unit-
cell expansion of carbides is smaller than that of the corre-
sponding nitrides. Interstitial carbon atoms also led to an
increase in the Curie temperature; the increase is about 80 K for
SmyFe,Si,C and 30 K for Sm,Fe;(Co,Si,C. Introduction of
carbon also increased the contribution of the Sm sublattice to
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the uniaxial anisotropy and changed the anisotropy of
SmjFe,Si, from planar to uniaxial. An H, value of 100 kOe at
300K and 205 kOe at 1.5 K was obtained for Sm,Fe; ,Si,C. The
anisotropy field of Sm,Fe(Co,Si,C was H, = 80 kOe at 300 K
and 204 kOe at 1.5 K. Due to the smaller unit cell volume ex-
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pansion, the increases in T, and H, were smaller than those of
corresponding nitrides.

3.3 Sm3(Feg.933Ti0.067)29

XRD and TMA show that the Sm;(Feg g33Tig gg7)20 cOM-
pound is of single phase. The XRD patterns are shown in Fig.
10. All peaks were indexed on the basis of the Nd3(Fe,Ti)yg
type structure. The lattice parameters are a = 1.065 nm, b=
0.858 nm, and ¢ = 0.972 nm, and B = 96.98°.

The nitrides maintain the Nd;(Fe,Ti),qo-type structure of the
parent compound, but with the XRD peak shifted to the lower
angles, suggesting an increase in the lattice parameter. The lat-
tice parameters of the nitrides are @ = 1.098 nm, b = 0.882 nm,
and ¢ = 0.985 nm, and B = 97.50°. The unit-cell volume expan-
sion AV/V is 7% compared with the parent compounds. Nitro-
gen absorption also led to an increase in the Curie temperature.
The T of the nitrides is 750 K, about 260 K higher than that of
the host materials.

Magnetization measured along and perpendicular to the
alignment direction at several temperatures is shown in Fig. 11
for the parent compounds and Fig. 12 for the nitrides. Introduc-
tion of nitrogen also has led to an increase in the saturation
magnetization. The room temperature magnetization increases
from 119 emu/g for the host materials to 145 emu/g for the ni-
trides. The saturation magnetization at 4.2 K increases from
131 to 157 emu/g in the nitrides.

XRD on the aligned powder samples of the parent com-
pound and the nitride are shown in Fig. 10(c) and (d), respec-
tively. Indexing on the basis of the Nd;(Fe,Ti),g-type structure
shows that in the parent compound, the (402) line is dominant.
This suggests that the easy magnetization (EMD) of the parent
compounds prefers to lie in the plane perpendicular to the (402)
direction. By contrast, the nitrides showed a dominant (204)
line, suggesting that the EMD of the nitrides is along the [001]
direction.

Journal of Materials Engineering and Performance
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Figure 13 shows the temperature dependence of the anisot-
ropy field, B,, and the saturation magnetization, M, for the
Smy(Feg 0331 g67)29 Ng compounds. The anisotropy field, B,,
decreases monotonously with increasing temperature from 25
Tat4.2K 0 12 T atroom temperature, and M, decreases from
154 to 145 emu/g.

To obtain more information regarding the magnetocrys-
talline anisotropy, a calculation of the anisotropy constants, K. ”
was carried out. A procedure to derive the anisotropy constants
from magnetization curves measured on magnetically aligned
powders was developed by Huang et al. (Ref 14). The values of
the anisotropy constants, X, can be derived by fitting the calcu-
lated magnetization curves to the experimental. A satisfactory
fit (better than 2%) of the magnetization curves measured at4.2
K was obtained using the parameters K| = 156 J/kg, K, = 208
Jikg, K3 =50 J/kg, for the nitride and K| = 895 J/kg, K, = ~895
J/kg, and K5 = 435 J/kg for its parent compound, as shown in
Fig. 11 and 12. The value of K for the nitride is very small com-
pared to K and K,; this is in reasonable agreement with large
uniaxial anisotropy field. In contrast to the nitride, the value of
K, for the parent compound is positive, K, is large and nega-
tive, while K5 is relatively large, suggesting that the anisotropy
of the parent compound is nonuniaxial. The easy magnetization
direction may be along the easy cone plane.

4. Conclusions

In summary, magnetically hard SmyFe ; ,Ga,C, (x=2, 3
andy = 1, 1.5, 2, 2.5) ribbons were prepared with a high coer-
civity of 12.8 kOe at room temperature. The high coercivity ob-
tained in this study may be attributed to the addition of Ga,
which allows a higher solid solubility of carbon in the samples
with a corresponding increase in the anisotropy field. Micro-
structure studies revealed the coexistence of an aFe and a 2:17-
type phase. In samples annealed at high temperatures, the
distribution of these phases is inhomogeneous with a coarse
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grain size leading to a shoulder in the demagnetization curve.
However, in samples annealed at lower temperatures (700 °C),
the grains are finer and uniform leading to a smooth demagneti-
zation curve with a lower coercivity but with a higher reduced
remanence, which are characteristic of nanocomposite ex-
change coupled magnets.

The R,Fe,type SmyFe , ,Co,Si, compounds withx = 0 to
7 crystallize in the ThyZn,type structure. Substitution of Co
leads to an increase in Curie temperature from 514 K forx =0
to 817 K for x=7. It also enhances the uniaxial anisotropy,
which changes from planar in Sm,Fe,, ,Co,Si, to uniaxial for
x 2 4. The SmyFe 4 ,Co,Si,N, nitrides maintain the Th,Zn, -
type structure but with a unit-cell expansion AV/V up to 5%
compared to the host materials. The Sm,Fe 4 ,Co,Si,C, car-
bides with z = 1 maintain the Th,Zn,type structure and trans-
form to the BaCd;;-type structure for z=2. The room
temperature anisotropy field obtained is 100 kOe for
SmyFe ,Si;C and 175 kOe for Sm,Fe,oCo,Si)N, 3. A very
large anisotropy field is also observed at low temperature (1.5
K) with a value of 204 kOe for Sm,Fe4Si,C and 276 kQe for
Sm2F610C04Si2N2'3.

Sm3(Feg g33Tig g67)26N5 and the parent compounds crystal-
lize in the Nd;(Fe,Ti),g-type structure. These compounds ex-
hibit a ferromagnetic coupling with a Curie temperature of 750
K and a saturation magnetization of 157 emu/g at 4.2 K.
Sm3(Feg 933Tig g67)29 compounds exhibit uniaxial anisotropy
from 4.2 K to the ordering temperature. The anisotropy field is
12 T at room temperature and 25 T at 4.2 K. The nitrides and
carbides studied here all have excellent intrinsic magnetic
properties and can be new candidates for permanent magnet de-
velopments.
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