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Abstract. New compounds Pr3Co13B2 and Nd5Co19B6 have been synthesized successfully.
They belong to the Rm+nCo5m+3nB2n family withm = 2,n = 1 andm = 2 andn = 3, respectively.
Pr3Co13B2 adopts the hexagonal La3Ni13B2-type structure with lattice parametersa = 5.0672(3)Å
andc = 10.6850(6) Å, while Nd5Co19B6 is isostructural to Lu5Ni19B6 with a = 5.1328(3) Å
andc = 16.6519(5) Å. Magnetic measurements indicate that Pr3Co13B2 is ferromagnetic with a
Curie temperature of 360 K. Its saturation magnetic moment at 5 K is 20.0µB fu−1. Based on the
results of the saturation magnetization, two kinds of Co sites with different magnetic moments are
proposed. Pr3Co13B2 exhibits large uniaxial anisotropy with an anisotropy field of 90 A m−1 at
5 K. The Nd5Co19B6 compound is ferromagnetic with a Curie temperature of 380 K. Its saturation
magnetic moment and anisotropy field are 21.5µB fu−1 and 340 A m−1 at 5 K, respectively.
No spin reorientation was detected from the temperature dependence of the magnetization of
these compounds from 5 K to their Curie temperatures, and the behaviour of magnetocrystalline
anisotropy was analysed using the single-ion model.

1. Introduction

It has been known that boron substitution for the Co in RCo5 (R = rare earth) leads to
the formation of a series of compounds expressed by the general formula R1+nCo5+3nB2n [1]
(n = 1, 2, 3, . . . ,∞), which is formed by alternate stacking of one layer of RCo5 andn
layers of RCo3B2 along thec-axis. Huge anisotropy has been observed in the Sm1+nCo5+3nB2n

system. For example, the anisotropy fields of SmCo5, SmCo4B, Sm3Co11B4 and SmCo3B2 are
found to be 710, 1200, 1160 and 1300 A m−1 at 4.2 K, respectively [2]. Although they have
uniaxial symmetry, their Curie temperature (TC) and saturation magnetization (MS) are too low
to be suitable for permanent magnet applications [3–6]. In order to overcome these drawbacks,
several attempts have been made to improve the hard magnetic properties by substitutions of Fe
for Co or by interstice of nitrogen atoms using the gas–solid reaction modification [7–11]. In our
previous papers [12], we demonstrated an alternative strategy, in which we proposed another
series of compounds Rm+1Co5m+3B2 with high Co content. After we carefully investigated the
ternary Nd–Co–B system at relatively low temperature, a new compound Nd3Co13B2 of the
homologous series R3Co13B2 was discovered. We soon realized that the two homologous series
mentioned above can be expressed by a general formula Rm+nCo5m+3nB2n, which is formed
by alternate stacking ofm parts of RCo5 with n parts of RCo3B2 along thec-axis. Some of
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the compositions generated by this formula can be regarded as real compound compositions
and we can presume that they have highTC andMS due to the high Co content. In the present
work, we have extended our study to the R–Co–B systems, and we have found that Pr3Co13B2

(m = 2, n = 1) and Nd5Co19B6 (m = 2, n = 3) can be obtained by vacuum annealing alloy
samples at relatively lower temperature; here we report our study on crystal structures and
magnetic properties of these intermetallics.

2. Experimental details

Samples were prepared by melting an appropriate amount of raw materials of more than
99.9% purity in an arc furnace. In order to avoid blowing away the lighter pieces of boron
under the arc, boron was added through a master alloy of CoB. To ensure the homogeneity
of the samples, the ingots were turned upside down and melted several times. The weight
loss of the samples during melting was less than 1%. After arc melting, the samples were
annealed in vacuum for two months at 873 K and then quenched to room temperature. The
x-ray powder diffraction (XRD) data was collected on a Rigaku Rint-2400 diffractometer
with Cu Kα radiation and a diffracted beam graphite monochromator, with a scanning step
of 2θ = 0.02◦ and a sampling time of 2 s. The XRD pattern of the sample consisting of
powder particles, which were static-magnetically aligned at room temperature, was used to
determine the easy magnetization direction (EMD) of this compound. The magnetic properties
of the samples were measured by the magnetic balance, vibrating sample magnetometer and
superconducting quantum interference device (SQUID).

3. Results and discussion

3.1. Pr3Co13B2

Single-phase Pr3Co13B2 results form a peritectoid reaction,

PrCo5 + 2PrCo4B↔ Pr3Co13B2.

It generally needs prolonged annealing for several weeks at temperatures below 1000 K.
Figure 1 shows the XRD pattern for the samples annealed at 600◦C for two months. It
can be successfully indexed with a hexagonal cell with lattice parametersa = 5.0672(3) Å
andc = 10.6850(6) Å [13]. The space group isP6/mmm. An initial structure model was
derived from the isostructural La3Ni13B2 compound and then refined [14] by using the program
DBW-9411 [15]. There is one Pr3Co13B2 formula in a unit cell: Pr atoms are distributed in
two different crystallographic sites (1a, 2e), the Co atoms in three different positions (4h, 6i,
3g) and boron in the 2c position. The Rietveld refinement results are shown in figure 1 and
table 1. The pattern factorRP , the weighted pattern factorRW and the expected pattern factor
Rexp are 12.1%, 16.8% and 7.8%, respectively. These values are qualitatively good. Finally,
the crystal structure of Pr3Co13B2 is illustrated in figure 2.

Figure 3 shows the magnetic curves at 5 K for the free powder sample of Pr3Co13B2

measured with a SQUID. The saturation moment of 20.0µB fu−1 was derived by fitting the
experimental data ofM(H) versusH using the law of approach to saturation. For Pr3Co13B2,
in which Pr is a light rare-earth element (J = L − S), this implies that the total rare earth
moment (gJµB) is coupled parallel to the Co moments. Thus, the magnetic moments of
Pr3Co13B2, µs can be expressed as

µs = 3〈µPr〉 + 13〈µCo〉 (1)
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Figure 1. Rietveld analysis of the XRD pattern of Pr3Co13B2. The observed data are indicated by
crosses and the calculated profile by the continuous curve overlaying them. The lower curve is the
difference between the observed and calculated intensities at each step plotted on the same scale
and shifted a little downwards for clarity.

Table 1. Atomic positions and the lattice parameters of the Pr3Co13B2 structure obtained from the
powder XRD pattern refinement according to theP6/mmm space group.

Atom Position x/a y/b z/c The number of neighbour atoms

Pr(1) 1a 0 0 0 6B(1) + 12Co(1)
Pr(2) 2e 0 0 0.3303(5) 6Co(1) + 6Co(2) + 6Co(3)
Co(1) 6i 0.5000 0 0.1341(5) 2Pr(1) + 2Pr(2)

2Co(2) + 2B(1)
Co(2) 4h 0.3333 0.6667 0.3158(10) 3Co(1) + 3Co(3)
Co(3) 3g 0.5000 0 0.5000 4Pr(2) + 4Co(2)
B(1) 2c 0.3333 0.6667 0 3Pr(1) + 6Co(1)

z = 1 a = 5.0672(3) Å c = 10.6850(6) Å
Rp = 12.1% Rwp = 16.8% Rexp = 7.8%

where〈µPr〉 and〈µCo〉 are the average moments of the Pr atoms and Co atoms, respectively.
Reliable values of the saturation of moment of cobalt may be obtained only for Gd (s-state) or
Y (non-magnetic) compounds in compounds with non-s-state R ions, the Co moment cannot
be accurately determined because of the unknown reduction of the R ionic moment by crystal
field effects or because of difficulties in saturating the system as a result of its high anisotropy.
However, it is possible to estimate the magnetization of the Co sublattice in these systems,
provided information is available for the R moments. By assuming the average Pr3+ moment
to be 2.4µB [3], 〈µCo〉 of 0.98µB is calculated. It is reasonable to assume that the Co atoms
at different sites have different magnetic moments. As seen in figure 2, there are three kinds
of Co sites expressed by Co(N ) with N = 0 and 1, where Co(N ) means a Co atom which has
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Figure 2. The crystal structure of Pr3Co13B2. Large open circles are rare earth, small open circles
cobalt and full circles boron.

Figure 3. The field dependence of the magnetization curve of the free powder sample of Pr3Co13B2
measured at 5 K.

NB layers just above or just below it. Thus the average Co moment of Pr3Co13B2 is expressed
by

〈µCo〉 = [4〈µCo(0)〉 + 3〈µCo(0)〉 + 6〈µCo(1)〉]/13 (2)

whereµCo(N) means the magnetic moment of the Co(N ). The near neighbour environment
of puttingµCo(N) at the 4h and 3g positions remains unchanged from the corresponding sites
of PrCo5; therefore,µCo(0) is assumed to keep the value of 1.3µB [16]. By puttingµCo(0)
and the observed value of〈µCo〉 into equation (2), 0.6µB is obtained forµCo(1). A neutron
diffraction study would be quite valuable in determining if these analyses of the magnetic
moments are reasonable. We can see that the introduction of B results in a strong decrease of
the Co moment. This reduction may occur partly due to simple dilution by B and partly due
to a reduction of the Co moment by an electron transfer from B.

Figure 4 shows the temperature dependence of the magnetization,M(T ), for the free
powder sample of Pr3Co13B2 in a low field of 0.05 T measured with a SQUID in the
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Figure 4. The thermomagnetic curve for the free powder sample of Pr3Co13B2 in a low field of
about 0.05 T.

temperature range below room temperature and with a vibrating sample magnetometer above
room temperature. The Curie temperature of 360 K is determined fromM2–T plots by
extrapolatingM2 to zero. The Curie temperature of Pr3Co13B2 is determined from the three
different exchange-coupling constants:JCoCo, JPrCo and JPrP r . The Pr–Pr interaction is
generally neglected because it is smaller than the Co–Co and Pr–Co interactions. The 3d–4f
interactionJPr–Co has only a minor influence on the Curie temperature. Since the Co–Co
exchange-coupling constants are one order of magnitude larger than the Pr–Co exchange-
coupling constants, the Curie temperature of Pr3Co13B2 is mainly determined by the Co–Co
interaction. The Curie temperature of Pr3Co13B2 [17]

TC = {TPrP r + TCoCo + [(TCoCo − TPrP r)2 + 4TPrCo]
1/2}/2 (3)

where the contributive temperatureTii(i = Pr,Co) andTPrCo can be written as

Tii = (2AiiZiiGi)/(3kB) (4)

and

TPrCo = [2APrCo(ZPrCoZCoPrGPrGCo)]
1/2 (5)

whereGi = (gi − 1)2Ji(Ji + 1), Zii is the number of nearest-neighbourj atoms of ani atom,
andgi is the Lande factor of thei atom. TheTC of Pr3Co13B2 compound is mainly determined
by the direct Co–Co exchange interaction and the substitution of B at 2c sites for Co leads
to the decrease of the Co–Co exchange interaction. Thus both the magnetic dilution and the
decrease of the Co–Co exchange interaction result in a drastic decrease ofTC , as compared to
that of the parent compound PrCo5.

Figure 5 illustrates the room-temperature XRD pattern of an unoriented and an oriented
sample of Pr3Co13B2. When a particle has an easy basal plane anisotropy, as confirmed by the
reflected x-ray intensity from the plane perpendicular to the applied field, the (hk0) intensity
increases greatly and the (001) intensity diminishes. When a particle has an easyc-axis
anisotropy, the (001) intensity increases greatly and the (hk0) intensity diminishes. It can be
seen from the oriented sample that the intensity of (003), (005) and (006) are strengthened and
the intensity of (110) and (200) are diminished. The results clearly demonstrate that the EMD
of Pr3Co13B2 is parallel to thec-axis. No spin reorientation was detected from theM(T )
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Figure 5. The XRD patterns for sample Pr3Co13B2 before (a) and after (b) field alignment.

curve (figure 4). This result suggests that the EMD of the Pr3Co13B2 compound does not
change from 5 K toroom temperature. In order to measure the magnetocrystalline anisotropy,
the static-magnetically aligned sample was then measured with a SQUID and the results are
shown in figure 6. By linearly extrapolating1M to zero on the1M (=M‖ −M⊥)–H curve,
the anisotropy fieldHA of 90 A m−1 is derived.

It is well known that the net anisotropy in R–Co compounds is determined by the sum of
the R sublattice anisotropy and the Co sublattice anisotropy. In the case of Rm+nCo5m+3nB2n

compounds

K1,tot = (m + n)K1,R +K1,Co (6)

whereK1,R is the contribution of one R3+ ion to the anisotropy constant andK1,Co is the
anisotropy constant of the Co sublattice. In the first approximation,K1,R can be described as

K1,R = −3αJA20〈r2
4f 〉〈3J 2

R,z − JR(JR + 1)〉/2 (7)

whereαJ is the second-order Stevens coefficient andA20 is the second-order crystal electric
field (CEF) coefficient. On the basis of a single-ion model [18], the anisotropy of Pr can
be described by the productαJ andA20. A negativeαJA20 exhibits a uniaxial anisotropy.
For Pr3Co13B2, the contribution of the Pr sublattice to magnetocrystalline anisotropy arises
from the coupling between the Pr ion orbit magnetic moment and the crystal electric field.
Evidence can be presented to show thatA20 is negative in the Rm+nCo5m+3nB2n compound
[19]. The rare earth Pr has a negativeαJ : accordingly, the Pr sublattice has an easy planar
anisotropy at low temperature. However, under the assumptions of the model of the individual
site contributions to anisotropy (ISA) [20], the Co sites of Pr3Co13B2 related to the 2c site
of the RCo5 structure make large contributions to the magnetocrystalline anisotropy, while
the sites Pr3Co13B2 related to the 3g site of RCo5 structure make relatively small and reverse
contributions. Thus, the total magnetization of the Co sublattice exhibits a uniaxial anisotropy.
The axial anisotropy of the Co sublattice overcomes the planar anisotropy of the Pr sublattice,
leading to the possibility that Pr3Co13B2 has its EMD parallel to thec-axis.
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Figure 6. Magnetization as a function of magnetic field at 5 K for the static-magnetically aligned
sample of Pr3Co13B2. The upper curve is parallel to the aligned direction and the lower curve is
perpendicular to the aligned direction.

Figure 7. Rietveld analysis of the XRD pattern of Nd5Co19B6. The observed data are indicated
by crosses and the calculated profile by the continuous curve overlaying them. The lower curve is
the difference between the observed and calculated intensities at each step.

3.2. Nd5Co19B6

Single-phase Nd5Co19B6 results from a peritectoid reaction and the reaction is essentially

2NdCo4B + Nd3Co11B4↔ Nd5Co19B6.

It generally requires prolonged annealing of two months at 873 K. Figure 7 shows its XRD
pattern which can be successfully indexed with a hexagonal cell with lattice parameters
a = 5.1328(3) Å and c = 6.659(5) Å [13]. The calculated density isDx = 8.30 g cm−3.
An initial structure model was derived from the isostructural Lu5Ni19B6 based on the space
groupP6/mmm. There is one Nd5Co19B6 formula unit in the cell: the Nd atoms occupy three
different crystallographic sites (1b, 2e1, 2e2), the Co atoms four different positions (4h1, 6i1,
6i2, 3f) and B the 2d and 4h2 positions. The Rietveld refinement [14, 15] was performed and
the results are shown in figure 7 and table 2. The residual agreement factors ofRP , RW and
Rexp are 13.6%, 17.3% and 6.9%, respectively, and these values are qualitatively good. The
crystal structure of Nd5Co19B6 is illustrated in figure 8.
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Table 2. Atomic positions and the lattice parameters of the Nd5Co19b6 structure obtained from
the powder XRD refinement according to theP6/mmm space group.

Atom Position x/a y/b z/c

1Nd 1b 0 0 0.5000
2Nd 2e1 0 0 0.0964(1)
2Nd 2e2 0 0 0.2976(1)
4Co 4h1 0.3333 0.6667 0.2955(2)
6Co 6i1 0.5000 0 0.1742(1)
6Co 6i2 0.5000 0 0.4114(1)
3Co 3f 0.5000 0 0.0000
2B 2d 0.3333 0.6667 0.5000
4B 4h2 0.3333 0.6667 0.0936(16)

z = 1 a = 5.1328(3) Å c = 16.6519(5) Å
Rp = 13.6% Rwp = 17.3% Rexp = 6.9%

Figure 9 shows the magnetic isotherm at 5 K for the free powder sample of Nd5Co19B6

measured with a SQUID magnetometer. The saturation moment of 21.5µB fu−1 was derived
by fitting the experiment data ofM(H) versusH using the law of approach to saturation.
For Nd5Co19B6, in which Nd is a light rare-earth element(J = L − S) this implies that the
total rare-earth moment(gJµB) is coupled parallel to the Co moments. Thus, the magnetic
moments of Nd5Co19B6, µs, can be expressed as

µs = 5〈µNd〉 + 19〈µCo〉 (8)

where〈µNd〉 and〈µCo〉 are the average moments of Nd atoms and Co atoms, respectively. By
assuming the average Nd3+ moment to be 3µB , 〈µCo〉 of 0.34µB is calculated. We can see
that the introduction of B atoms results in a small value of the Co moment. This might be
understood in terms of 2p–3d hybridization. Band-structure calculations [12] have revealed
that the p–d hybridization lowers the density of states at the Fermi level and reduces the 3d-
band splitting when B atoms preferentially substitute into the nearest-neighbour sites of the
Nd atoms.

Figure 10 shows the temperature dependence of the magnetization,M(T ), for the free
powder sample of Nd5Co19B6 in a low field of 0.05 T measured with a SQUID in the
temperature range below room temperature and with a vibrating sample magnetometer above
room temperature. The Curie temperature of 380 K is determined fromM2–T plots by
extrapolatingM2 to zero. TheTC of the Nd5Co19B6 compound is mainly determined by
the direct Co–Co exchange interaction and the substitution of B at the 2c and 4h2 sites for Co
leads to the decrease of the Co–Co exchange interaction. Thus both the magnetic dilution and
the decrease of the Co–Co exchange interaction result in a drastic decrease ofTC , as compared
to that of the parent compound NdCo5. No spin reorientation was detected from theM(T )
curve. This result suggests that the EMD of the Nd5Co19B6 compound does not change from
5 K to its Curie temperature.

Figure 11 illustrates the room-temperature XRD pattern of an unoriented and an oriented
sample of Nd5Co19B6. It can be seen that the pattern of the oriented sample contains the
peaks of (200) and (110). The result clearly demonstrates that the EMD of Nd5Co19B6 lies in
the basal plane. In order to measure the magnetocrystalline anisotropy (MCA), the rotation-
magnetically aligned sample was measured with a SQUID and the result is shown in figure
9. By linearly extrapolating1M to zero on the1M(=M − M)–H curve, the anisotropy
field HA 340−1 A m−1 is derived. The net anisotropy in Nd5Co19B6 is determined by the
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Figure 8. The crystal structure of Nd5Co19B6. Large open circles are rare earth, small open circles
cobalt and full circles boron.

Figure 9. The isotherm at 5 K for Nd5Co19B6 with the external applied field either parallel or
perpendicular to the alignment direction of the rotation-magnetically aligned sample.

sum of the Nd sublattice anisotropy and the Co sublattice anisotropy. The contribution of
the Nd sublattice to magnetocrystalline anisotropy arises from the coupling between the Nd
ion orbital magnetic moment and the crystal electric field. The Nd sublattice plays a more
important role in determining the EMD at low temperature compared with the Co sublattice.
As mentioned above,A20 is negative in Rm+nCo5m+3nB2n compounds [19]. The rare earth Nd
has a negativeαJ : accordingly, Nd5Co19B6 has an easy planar anisotropy at low temperature.
On the other hand, under the assumptions of the model of ISA [20], the Co sites in Nd5Co19B6

related to the 2c site in the RCo5 structure make large contributions to the magnetocrystalline
anisotropy, while the Co sites related to the 3g site in the RCo5 structure make relatively small
and reverse contributions. Compared to Pr3Co13B2, more non-magnetic B atoms substitute for
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Figure 10. The thermomagnetic curve for the free powder sample of Nd5Co19B6 in a low field of
about 0.05 T.

Figure 11. The XRD patterns for sample Nd5Co19B6 before (a) and after (b) field alignment.

Co atoms at the sites (2d and 4h2) related to the 2c site in the RCo5 structure, and this implies
that Nd5Co19B6 has its EMD in the basal plane at all temperatures.

4. Conclusion

New compounds Pr3Co13B2 and Nd5Co19B6 with high Co content were synthesized. They are
members of the homologous series Rm+nCo5m+3nB2n with m = 2, n = 1 andm = 2, n = 3,
respectively. The Pr3Co13B2 compound is ferromagnetic with a Curie temperature of 360 K.
Its saturation magnetic moment is 20.0 µB fu−1 and the anisotropy field is 90 A m−1 at
5 K. The average Co moments of the Pr3Co13B2 compound are expressed by〈µCo〉 =
[4〈µCo(0)〉 + 6〈µCo(1)〉 + 3〈µCo(0)〉]/13, whereµCo(N) means the magnetic moment of Co with
N layers of B just above or just below it. The introduction of B results in a strong decrease
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of the Co moment:µCo(0) andµCo(1) are 1.3 µB and 0.6 µB , respectively. The Nd5Co19B6

compound is ferromagnetic with a Curie temperature of 380 K. Its saturation magnetic moment
is 21.5µB fu−1 and the anisotropy field is 340 A m−1 at 5 K. No spin reorientation was detected
from the temperature dependence of the magnetization of these compounds. We believe that
many intermetallic compounds of the Rm+nCo5m+3nB2n family with differentm andn are yet
to be found at relatively low temperature, and such a systematic investigation may prove to be
fruitful.
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