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Abstract

Stable R(FeVB),, compounds (R=Nd, Sm, Y) with the ThMn,,-type tetragonal structure have been prepared. The Curie
temperatures of these compounds are enhanced compared with the boron-free compounds. In some of these compounds the
saturation magnetization at 4.2 K is also increased. A spin reorientation is observed at 130 K in Nd(FeVB),,. FOMP transitions
occur at 4.2 K in both Sm(FeVB);, and Nd(FeVB),, compounds, with onset fields of 11.5 T and 2.2 T, respectively.

Keywords: Magnetic properties; Permanent-magnet applications

1. Introduction

The structure and magnetic properties of ternary
compounds of the type RFe,,. .M, (R=rare earth;
M=Ti, V, Cr, Mo, W, etc.) have been studied by
numerous investigators [1-6]. These compounds crys-
tallize in the tetragonal ThMn,, structure in which
there is only one crystallographic site for the rare earth
and three nonequivalent sites for the M and Fe atoms.
High Curie temperatures and high uniaxial anisotropy
near room temperature make these systems promising
starting materials for permanent-magnet applications
[7,8].

The effect of carbon on the structure and magnetic
properties of these ThMn,,-type rare-earth-transition-
metal intermetallics has been investigated recently [9].
Certain carbides of these novel intermetallics were found
to exist. Some interesting magnetic phase transitions
are observed in these compounds. In the carbide
Nd(FeMoC),, a spin reorientation occurs at 70 K. A
first-order magnetization process (FOMP) was observed
in Sm(FeVC),, at 42 K. It was found that addition
of an appropriate amount of carbon enhances the T-T
exchange interaction whereas the R-T exchange in-
teraction is substantially reduced. However, as far as
the authors are aware, no work has ever been published
concerning the effect of boron addition on the structure
and the magnetic properties of these 1:12 compounds.
In the present investigation, an attempt has been made
to prepare stable isostructural borides of the RFe;,V.,
compounds with R=Nd, Sm and Y. The magnetic
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properties have been studied by a.c. initial susceptibility
measurements from 4.2 K to room temperature as well
as by high-field magnetization measurements at 4.2 K.

2. Experimental details

Polycrystalline samples with the nominal composition
RFe,V,Bss (R=Nd, Sm and Y) were prepared by arc
melting. Boron was added in the form of Fe-B alloy
containing 20% boron. The as-cast samples were an-
nealed at 950 °C for 3 weeks and checked by X-ray
diffraction. The main phase possesses the ThMn,,-type
tetragonal structure, and the second phase is a-Fe.

X-ray diffraction patterns of random powders and
magnetically aligned powders (with incident X-ray beam
perpendicular to alignment direction) were used to
determine the easy direction of the magnetization at
room temperature.

The Curie temperatures were determined by a.c.
initial-susceptibility measurements from room temper-
ature up to 600 °C. Spin-reorientation transitions in
these compounds at low temperature were studied
through a.c. initial-susceptibility measurements from 4.2
K to room temperature.

High-field magnetization measurements up to 35 T
were performed at 4.2 K in the High Field Installation
at the University of Amsterdam. Powdered samples of
cylindrical shape were obtained by aligning the powders
at room temperature parallel and perpendicular to the
cylinder axis in a magnetic field of 1 T and by fixing
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the direction with epoxy resin. The high-field isotherms
at 4.2 K were recorded with the external field either
parallel or perpendicular to the alignment field. The
anisotropy fields B, were derived from the intersection
points of the extrapolated magnetization curves of the
parallel and perpendicular aligned materials. Values
for the saturation magnetization M, were derived from
the high-field part of the magnetization curves by ex-
trapolation to zero field.

3. Experimental results and discussion

The lattice parameters of these borides are little
changed compared with those of the corresponding
boron-free compounds. Fig. 1 shows the X-ray diffraction
patterns at room temperature of random powders and
magnetically aligned powders (X-ray beam perpendic-
ular to the alignment direction) of NdFe,,V,B,s and
SmFe,,V,B, s alloys, respectively. The X-ray diffraction
patterns of random powders of NdFe,,V,B,s and
SmFe,,V,B, s show reflections of the main phase char-
acteristic of the body-centered tetragonal structure. This
is in agreement with the neutron-diffraction result of
another alloy, YFe,,TiB, which was prepared in the
same way [10]. The neutron diffraction result indicates
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Fig. 1. X-ray diffraction patterns of random and magnetically aligned
powders of Nd(FeVB),, and Sm(FeVB);,. In aligned samples the
X-ray beam was directed perpendicular to the alignment direction.

Table 1
Curie temperatures of R(FeVB),, and RFe,V, compounds with
R=Y, Nd, Sm

R Compound T. (K) AT,

Y Y(FeVB),. 568 34
YFe 4V, 534

Nd Nd(FeVB),, 607 30
NdFe V. 577

Sm Sm(FeVB),, 632 29
SmFe oV, 603

that boron atoms prefer to occupy the substitution sites
and that the real composition of the main phase is
Y(FeTiB),,, suggesting that the main phase obtained
in the present work could be identified as R(FeVB),,.
Although there is the possibility of the formation of
small amounts of the relatively stable V;B, phase, along
with the corresponding shift in composition of
REFe,,V,Bys to higher Fe concentrations than
REFe,,V,, we choose to interpret our data, in view of
pending neutron diffraction data and the electron probe
microanalysis resuits, as obtained on real B-substituted
compounds.

In the patterns of the aligned NdFe,,V,Bys and
SmFe,,V.,B, s powders, only reflections from the (h00)
planes are prominent, indicating that the EMD is along
the c-axis at room temperature. The Curie temperatures
of the borides and the virgin compounds have been
determined and are listed in Table 1. The observed
Curie temperatures of the virgin compounds are com-
parable with the values reported in literature [1,9].
From Table 1, it can be seen that the Curie temperatures
of the RFe,,V, compounds are substantially increased
by the incorporation of 0.5 boron atom per formula
umt.

Results of the high-field magnetization measurements
on 4.2 K of the R(FeVB),, compounds are shown in
Figs. 2, 3 and 4. Figs. 2(a) and 2(b) show the high-
field magnetization at 4.2 K of Y(FeVB),, and YFe,;V,
compounds. In both compounds, the anisotropy field
is slightly above 4 T, which is close to the earlier
reported value for YFe,,V, [1]. The magnetization of
YFe,,V, at 4.2 K is slightly enhanced by the incor-
poration of boron.

In Nd(FeVB),, and NdFe,,V, (Figs. 3(a) and 3(b)),
the curves for parallel and perpendicular alignment
almost coincide, indicating the the magnetocrystalline
anisotropy in these compounds is small. FOMP tran-
sitions are observed in the high-field magnetization at
4.2 K. Fig. 4(a) shows the field dependence of the
magnetization of Sm(FeVB);, for the field applied
parallel and perpendicular to the alignment direction.
For comparison, the high-field magnetization of
SmFe,,V, at 4.2 K is also shown in Fig. 4(b). It is
interesting to note that though the Curie temperature
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Fig. 2. High-field magnetic isotherms of (a) Y(FeVB);, and (b)
YFe,,V, compounds at 42 K. O, My; @, M.

is increased substantially with addition of boron (Table
1), the saturation magnetization appears little improved.
In the magnetic isotherms for both Sm(FeVB),, and
SmFe,,V, at 4.2 K, a slight upward curvature of the
magnetization is found for the hard direction, indicating
that these compounds exhibit a first-order magnetization
process (FOMP). The critical fields for these FOMPs,
identified by the peaks in the corresponding dM/dB vs.
B curves, are 11.5 T and 11.0 T, respectively.

The magnetic characteristics are summarized in Table
2. The Nd-containing boride has the highest saturation
magnetization (22.9 pg/f.u.) at 4.2 K. The anisotropy
field found for Y(FeVB),, (4.2 T) is comparable with
the value reported for YFe,,V, in the literature [1].

The temperature dependence of the a.c. initial sus-
ceptibility of R(FeVB),, measured from 4.2 K to room
temperature is shown in Fig. 5(a). The curve for
Nd(FeVB),, exhibits a peak at approximately 130 K
indicating the occurrence of a spin reorientation.
NdFe,,V, undergoes a spin-reorientation transition at
159 K (Fig. 5(b)), which differs from the value (Tsg =112
K) reported by Arnold et al. [3], while the value of
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Fig. 3. High-field magnetic isotherms of (a) Nd(FeVB),, and (b)
NdFe,V, compounds at 4.2 K. O, M;; @, M ,. Insets: dM/dB vs. B
curve, B, indicated by arrow.

Curie temperature agrees well with that reported in
Ref. {1].

It is known that in the RFe,, T, tetragonal structure
the crystalline electric field (CEF) at the R site tends
to align the R magnetic moment along the c-axis for
rare-earth ions such as Sm, Er, Tm or Yb which have
a positive second-order Stevens coeflicient (a;>0),
whereas it tends to align the R moment in the basal
plane for rare-earth ions with «;<0 (e.g. Nd, Tb, Dy
etc.). In RFe,,V,, the Fe-sublattice contribution is
represented by YFe,,V, in which the EMD is along
the c-axis in the temperature range from 4.2 to 300
K. One can infer from this result that in NdFe,,V,
and Nd(FeVB),,, the Nd and Fe contributions to the
magnetocrystalline anisotropy have opposite sign and
a competition between them appears. At low temper-
ature, the planar anisotropy of the R ion with a;<0
will dominate the uniaxial anisotropy of the Fe sublattice
but the R-ion anisotropy rapidly decreases with in-
creasing temperature. At higher temperature, the con-
tribution of the Nd sublattice to the anisotropy will
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Fig. 4. High-field magnetic isotherms of (a) Sm(FeVB); and (b)
SmFe,V; compounds at 4.2 K. O, M,; ®, M, . Insets: dM/dB vs. B
curve, B, indicated by arrow.

Table 2
Magnetic characteristics of R(FeVB),, and RFe,,V, at 4.2 K

M, KR HFe M Bromp

(up/fu)  (ms) (ue/Fe)  (ue/M)  (T)
Nd(FeVB),, 229 33 1.96 1.64 22
NdFe,,V, 18.5 33 1.52 1.26 23
Sm(FeVB),, 19.2 0.7 1.85 1.54 11.5
SmFe;,V, 19.2 0.7 1.85 1.54 11.0
Y(FeVB),, 16.9 0 1.69 1.4 -
YFe;V, 15.9 0 1.59 1.3 ~

surpass that of the Fe sublattice and consequently a
spin reorientation will take place. Arnold et al. [3]
found that the spin actually rotates from the basal
plane to a cone during this transition. This has been
explained by considering higher-order CEF terms. In
the case of Sm(FeVB),, with a Sm ion with a,> 0, the
Sm anisotropy will reinforce the axial 3d magnetic
anisotropy and consequently no SR transition will occur.

It has been reported that the EMD of NdFe,,_ .M,
(M =V, Ti and Mo) compounds at 4.2 K changes from
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Fig. 5. A.c. susceptibilities of (a) R(FeVB);; (R=Nd, Sm, Y) and
(b) NdFe,V; from 4.2 K to room temperature.

basal plane to c-axis upon incorporation of nitrogen
because the second-order crystal field coeflicient A4,,
has different signs before and after nitrogenation [11,12).
The results of the present work show that addition of
B does not alter the anisotropy of NdFe,,V, very much.
The decrease of the SR temperature indicates that the
planar anisotropy of the Nd sublattice decreases with
the B addition.

4. Concluding remarks

In recent years, the search for new permanent-magnet
materials has been focussed on the ternary compounds
RFe,;, M, (R=rare earth, M=Ti, V, Cr, Si, Mo, W
etc.) which crystallize in the tetragonal ThMn,, struc-
ture. The effect of B on the structure and magnetic
properties of the R(Fe,M),, compounds has never been
reported. Our present investigation shows that with
proper processing such as adequate control of rare-
earth losses in the course of preparation, optimizing
annealing procedures followed by rapid cooling, stable
R(Fe,M),, boride can be prepared. A number of
R(FeVB),, borides have been prepared with the re-
quired ThMn,,-type structure. Boron atoms prefer to
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occupy substitutional sites in the ThMn,,-type com-
pounds.

The Curie temperatures of the R(FeVB),, (R=Nd,
Sm, Y) are substantially enhanced compared with the
B-free compounds. The saturation magnetization of
Nd(FeVB),, at 4.2 K is increased. In Nd(FeVB),, a
spin reorientation was observed at 130 K and at 4.2
K a FOMP transition takes place at B,=2.2 T. A FOMP
transition also occurs in Sm(FeVB),, at 4.2 K with a
FOMP onset field at 11.5 T.

Acknowledgements

The present investigation has been carried out within
the scientific exchange programme between China and
the Netherlands and was supported by the National
Natural Science Foundation of China and by the Science
and Technology Commission of Shenyang. The assis-
tance of Z.G. Zhao, J.P. Liu, D.C. Zeng, N. Tang and
G.F. Zhou is gratefully acknowledged.

References

[1} F.R. de Boer, Y.K. Huang, D.B. de Mooij and K.H.J. Buschow,
J. Less-Common Met., 135 (1987) 199.

[2] K.H.J. Buschow, D.B. de Mooij, M. Brouha, HH.A. Smit and
R.C. Thiel, IEEE Trans. Magn., 24 (1988) 1611.

[3] Z. Amnold, P.A. Algarabel and M.R. Ibarra, J. Appl. Phys., 73
(1993) 5905.

[4] M. Jarczyk and O.D. Chistjakov, J. Magn. Magn. Mater., 82
(1989) 239.

[51 Q.A. Li, Y. Lu, O. Tegus, RW. Zhao, J.X. Wu, X.Y. Yin, N.
Tang, M.J. Yu, FM. Yang and F.R. de Boer, Proc. 2nd Int.
Symp. on Physics of Magnetic Materials, Session 2, 97.

[6] Yang Hua, Li Qing-an, Tang Ning, Lu Yi, O. Tegus, Yu Ming-
jun, FM. Yang and F.R. de Boer, Proc. 2nd Int. Symp. on
Physics of Magnetic Materials, Session 2, Suppl. 15.

[7] P.A. Algarabel and M.R. Ibarra, Solid State Commun., 74 (1990)
231.

[8] Xie Xu and S.A. Shaheen, J. Appl. Phys., 73 (1993) 6248.

[9] X.L. Dong, Zhang Zhi-dong, personal communication.

[10] Zhang Dan, Zhang Zhi-dong, X.K. Sun and Y.C. Chuang, J.
Phys. Cond. Matt, accepted for publication.

{111 Y.Z. Wang and G.C. Hadjipanayis, J. Appl. Phys., 70 (1991)
6009.

[12] Ying-Chang Yang, Xiao-dong Zhang, Sen-lin Ge, Qi Pan, Lin-
shu Kong, Hai-Li Li, Ji-lian Yang, Bai-sheng Zhang, Yong-fan
Ding and Chun-tang Ye, J. Appl. Phys., 70 (1991) 6001.



