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Abstract

The structure and magnetocrystalline anisotropy of (Nd1�xErxÞ2Co15:5V1:5 compounds have been investigated by
means of X-ray diffraction and magnetic measurements. It is found that the (Nd1�xErxÞ2Co15:5V1:5 compounds
crystallize in the Th2Zn17-type for xp0:3 and in the Th2Ni17-type structure for xX0:6: Both structures coexist for
x ¼ 0:4 and 0.5. The Curie temperature shows a slightly decreasing tendency in both structures. The saturation
magnetization Ms at 5 K of the (Nd1�xErxÞ2Co15:5V1:5 compounds decreases monotonically with increasing Er content
at a rate of 10:0 mB=Er: A spin orientation was observed in the compounds with x ¼ 0–0.5 and the spin-reorientation

temperature decreases with increasing Er content from 448 K for x ¼ 0 to 286 K for x ¼ 0:5: It is worth noting that the
room-temperature magnetocrystalline anisotropy of the ðNd1�xErxÞ2Co15:5V1:5 compounds changes from easy-cone

type for xo0:6 to the easy-axis type for xX0:6: A tentative spin phase diagram for the ðNd1�xErxÞ2Co15:5V1:5
compounds is presented.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the search for new high-temperature perma-
nent-magnet materials, Sm2Co17 [1–3] and its
substituted Sm2Co17�xMx compounds with M ¼

Mn; Cr, Ti, etc. [4,5] have got much attention
because of their favorable magnetic properties,
such as a high Curie temperature and large
magnetocrystalline easy-axis anisotropy at room
temperature. For a better understanding of the
magnetic properties of the Co-based 2:17 com-
pounds, much attention has recently been given to
the investigation of the structure and magnetic
properties of the R2Co17�xMx compounds with
different rare-earth elements like R ¼ Nd; Pr, Gd,
Tb, Dy, Ho, Er and Y and the third element such
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as M ¼ Ga; Al, Si, V, Ti, Cr, Mn, etc. [6–11]. Our
previous work on the Nd2Co17�xVx compounds
[12] has shown that the room-temperature magne-
tocrystalline anisotropy of the Nd2Co17�xVx

compounds changes from the easy-plane type to
the easy-cone type with increasing V content,
meanwhile the Curie temperature decreases dis-
tinctly with increasing V content. In order to
investigate the influence of the substituted rare-
earth elements on the structure and the magnetic
properties, especially on the magnetocrystalline
anisotropy, we have chosen the rare earth Er
which has a second-order Stevens factor aJ that
has a sign opposite to that of Nd. In this paper, the
effects of substitution of Er for Nd in the
compound Nd2Co15:5V1:5 is presented.

2. Experiment methods

Alloys with composition ðNd1�xErxÞ2Co15:5V1:5
(x ¼ 0–1.0) were prepared by arc-melting together
the constituent elements with a purity of at least
99.9% in an argon atmosphere. All ingots were
remelted at least four times to ensure homogeniza-
tion. In order to compensate for the loss of Nd and
Er during melting and annealing, 2% excess of
these rare-earth elements with respect to the
stoichiometric composition was added. The as-
cast ingots were wrapped into molybdenum foil
and sealed in a quartz tube and were annealed at
1353 K for 72 h under the protection of argon
atmosphere, followed by water quenching. X-ray
diffraction (XRD) and thermomagnetic analysis
were employed to check whether the samples were
single phase. Thermomagnetic curves were mea-
sured in a vibrating-sample magnetometer (VSM)
in a low magnetic field of 0:05 T from liquid-
nitrogen temperature to above the Curie tempera-
ture. The Curie temperatures were derived from
M2–T curves by extrapolating M2 to zero.
Magnetization curves were recorded in a SQUID
magnetometer at 5 K in magnetic fields up to 5 T:
The saturation magnetization Ms was derived
from M–1=B curves by extrapolating 1=B to
zero.
In order to determine the anisotropy field, fine-

powdered particles were mixed with epoxy resin

and packed in a plastic tube of cylindrical shape.
For normal magnetic alignment, the epoxy was
allowed to harden while the plastic tube was
positioned in an applied magnetic field of about
1 T with the cylinder axis parallel to the field
direction, so that the cylinder axis becomes the
easy magnetization direction (EMD). In the case
of rotation alignment, the epoxy hardened while
the plastic tube rotated around its cylinder axis in
a magnetic field of 1 T that was applied perpendi-
cular to the axis, so that the cylinder axis will
correspond to the hard magnetization direction
(HMD).

3. Results and discussion

Both the XRD patterns and the thermomagnetic
curves show that the ðNd1�xErxÞ2Co15:5V1:5 com-
pounds with x ranging from 0.0 to 1.0 are single
phase and crystallize in the rhombohedral Th2Zn17
structure for xp0:3 and the hexagonal Th2Ni17
structure for xX0:6: The two structures coexist for
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Fig. 1. XRD patterns of (a) randomly oriented, (b) normally

aligned and (c) rotation-aligned powder samples of

Nd1:4Er0:6Co15:5V1:5 compounds.
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x ¼ 0:4 and 0.5. As examples, Fig. 1(a) and
Fig. 2(a) show the XRD patterns of randomly
oriented powder particles of the compounds
Nd1:4Er0:6Co15:5V1:5 and Nd0:8Er1:2Co15:5V1:5;
which could quite well be indexed on the basis of
the Th2Zn17 and the Th2Ni17 structures, respec-
tively. A similar structural transition has also been
observed in ðSm;YÞ2Fe17 compounds [13]. As is
well known, 2:17 compounds may crystallize in
two different structures [14]: the Th2Zn17 structure
for the light R elements and the Th2Ni17 structure
for the heavy R elements. Therefore, the structural
transition that is observed to occur with increasing

Er content in the ðNd1�xErxÞ2Co15:5V1:5 series can
be understood.
From the XRD patterns, the lattice constants

a; c and the unit-cell volume V were derived and
are listed in Table 1. It can be seen that, in both
structures, all these parameters show a tendency to
decrease with increasing Er content, which may be
attributed to the smaller atomic radius of Er
compared with that of Nd. Fig. 1(b) shows the
XRD pattern of normally aligned powder of
Nd1:4Er0:6Co15:5V1:5: It can be seen that, compared
with the XRD pattern of the randomly oriented
powder shown in Fig. 1(a), only the (3 0 0) and the
(2 2 0) reflections are maintained and even en-
hanced after alignment. This indicates that at
room temperature Nd1:4Er0:6Co15:5V1:5 does not
possess easy-axis anisotropy. A study of the
dependence of magnetization of the magnetically
aligned samples on the angle y between the applied
field and the alignment direction of the sample
shows that the Nd1:4Er0:6Co15:5V1:5 compound
possesses easy-cone anisotropy at room tempera-
ture (see Figs. 4(a) and 6(a)).
Fig. 1(c) shows the XRD pattern of a rotation-

aligned Nd1:4Er0:6Co15:5V1:5 sample. The (0 0 6)
reflection has now become dominant and the other
reflections have almost disappeared. This shows
that the [0 0 6] direction is the HMD of
Nd1:4Er0:6Co15:5V1:5: Fig. 2(b) shows the XRD
pattern of normally aligned Nd0:8Er1:2Co15:5V1:5:
In this case, only the (0 0 4) reflection is retained
and enhanced and the other reflections have
almost disappeared. This indicates that the aniso-
tropy at room temperature has changed with
increasing Er content from easy-cone type
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Fig. 2. XRD patterns of (a) randomly oriented, (b) normally

aligned powder samples of Nd0:8Er1:2Co15:5V1:5 compounds.

Table 1

Structural and magnetic parameters for the ðNd1�xErxÞ2Co15:5V1:5 compounds

x a (nm) c (nm) V ðnm3Þ Tc (K) Tsr (K) Mcal
s 5 K ðmB=f :u:Þ Mexp

s 5 K ðmB=f :u:Þ Structure

0 0.8438 1.2290 0.7585 833 448 21.8 21.8 Th2Zn17
0.2 0.8409 1.2243 0.7498 828 352 16.6 18.8 Th2Zn17
0.3 0.8395 1.2235 0.7465 822 340 — — Th2Zn17
0.4 0.8371 1.2199 0.7403 818/840 312 11.4 14.9 Th2Zn17 þ Th2Ni17
0.5 0.8377 0.8162 0.4960 811/841 286 — — Th2Zn17 þ Th2Ni17
0.6 0.8353 0.8173 0.4939 840 — 6.2 10.1 Th2Ni17
0.8 0.8348 0.8178 0.4936 836 — 0.6 5.7 Th2Ni17
1.0 0.8303 0.8144 0.4862 833 — �4.6 1.9 Th2Ni17
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anisotropy in Nd1:4Er0:6Co15:5V1:5 to easy-axis
anisotropy in Nd0:8Er1:2Co15:5V1:5:
Fig. 3 shows the thermomagnetic curves of

ðNd1�xErxÞ2Co15:5V1:5 compounds, measured in a
low field of 0:05 T at temperatures ranging from
5 K to above the Curie temperature. The derived
Curie temperatures TC are shown in Fig. 6(a) as a
function of the Er content x: It is seen that in both
structures, TC shows a slight tendency to decrease
with increasing x:
In rare-earth (R)–transition-metal (T) interme-

tallic compounds, three exchange interactions play
a role: the T–T interaction between the T
moments, the R–T interaction between the R and
the T moments and the R–R interaction between
the R moments. Among these three interactions,
the T–T exchange interaction is the strongest and
mainly determines the value of TC; whereas the
R–R interaction is the weakest and is usually
neglected. In the ðNd1�xErxÞ2Co15:5V1:5 com-
pounds, the transition-metal content is fixed, while
the Nd and Er contents vary. Therefore, the
change in the Curie temperature mainly results
from the R–T interaction. In a molecular-field
approximation, the magnetic-ordering tempera-
ture of R–T intermetallic compounds can be

expressed as follows [15]:

TC ¼
1

2
½TT þ ðT2

T þ 4T2
RTÞ

1=2�; ð1Þ

where

TT ¼ nT2TNT½4SnðSn þ 1Þm2B=3kB�;

TRT ¼ nR2TjgjðNTNRÞ
1=2

	 ½2ðSnðSn þ 1ÞÞ1=2gJðJRðJR þ 1ÞÞ1=2m2B=3kB�

with g ¼ 2ðgJ � 1Þ=gJ; 2ðSnðSn þ 1ÞÞ1=2mB is the
effective moment of Fe in the paramagnetic state,
and NT and NR are the number of Fe and R atoms
per unit volume, respectively. gJ and JR are the
Land!e factor and the total angular moment of
the R atoms, respectively. TT and TRT stand for
the contributions to TC from the T–T and R–T
interactions, respectively. It can be seen that T2

RT is
proportional to the de Gennes factor of the R ion,
GðJÞ ¼ ðgJ � 1Þ

2JðJ þ 1Þ; which is 1.84 for Nd and
2.55 for Er. Moreover, due to the lanthanide
contraction, NT and NR should increase upon
substitution of Er for Nd in ðNd1�xErxÞ2Co15:5V1:5
compounds. On the other hand, nR2T decreases
with increasing atomic number of the R element
[16]. Therefore, the dependence of TC on the Er
concentration is the result of the competition of
GJðJÞ; NT; NR and nR2T:
In Fig. 3 a sharp peak can be seen in the

thermomagnetic curves for the compounds with
x ¼ 0 up to x ¼ 0:4; but the peak becomes unclear
for x ¼ 0:5; and no peak was observed for x > 0:5:
These peaks correspond to a spin reorientation, as
has been observed in some other Nd or Er-based
compounds [12,17]. The values of the temperature
Tsr; where the spin orientation takes place, were
derived from the positions of the peaks in the
thermomagnetic curves and are plotted in Fig. 6(a)
as a function of the Er content. Tsr clearly
decreases with increasing Er content from 448 K
for x ¼ 0 to 286 K for x ¼ 0:5: In general, a spin
reorientation is the result of the competition of
two different sublattice anisotropies, which have
different temperature dependencies.
In order to examine the contributions of the Nd

and Er sublattices to the anisotropy, we discuss the
magnetocrystalline anisotropy constants K1 of Nd
and Er, which, in first-order approximation, can
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Fig. 3. Thermomagnetic curves for ðNd1�xErxÞ2Co15:5V1:5 com-
pounds measured in a low field of 0:05 T in the temperature

range from 5 K (or room temperature) to above the Curie

temperature.
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be expressed as follows:

K1ðRÞ ¼ �3=2aJ/r2S/O20SA20; ð2Þ

where R stands for Nd or Er, aJ is the second-
order Stevens factor of Nd or Er and /r2S is the
mean value of the square of the 4f radius. /O20S
is the thermal average of the quantum-mechanical
expectation value corresponding to the second-
order Stevens operator. A20 is the second-order
crystal-field parameter which is determined by the
crystal structure and the composition of a given
compound. In the ðNd1�xErxÞ2Co15:5V1:5 com-
pounds, aJo0 for Nd and aJ > 0 for Er and A20

is negative for the presently investigated 2:17-type
compounds [18]. From this, according to Eq. (1), it
is obtained that K1ðNdÞo0 and K1ðErÞ > 0: This
means that, if only the lowest-order-anisotropy
constant K1ðRÞ is taken into account, the Nd and
the Er sublattice favor easy-plane and easy-axis
anisotropy, respectively. In this way, it is easily
understood that the room-temperature anisotropy
of the compounds changes with increasing Er
content from the easy-cone to the easy-axis
anisotropy.
In order to examine more precisely what

happens at these spin-reorientation temperatures
in the ðNd1�xErxÞ2Co15:5V1:5 system, we have
measured the dependence of magnetization of the
magnetically aligned samples on the angle y
between the applied field and the alignment
direction of the sample. In the cases of the easy-
plane and easy-axis anisotropy, only one max-
imum or minimum is expected in the M–y curve
between 01 and 1801; while two maxima will occur
in the case of easy-cone anisotropy. The cone angle
yc can be derived from yc ¼ ðymax2 � ymax1Þ=2: As
an example, Fig. 4(a) shows the M–y curve for
Nd2Co15:5V1:5 at room temperature. There are two
maxima in the M–y curve, indicating that this
compound possesses easy-cone anisotropy at room
temperature. The cone angle can be derived to be
about 201: Fig. 4(b) shows the M–y curve for
Nd0:8Er1:2Co15:5V1:5 and exhibits only one mini-
mum, indicating that Nd0:8Er1:2Co15:5V1:5 has
easy-axis anisotropy. In Fig. 6(a), a tentative spin
phase diagram for the ðNd1�xErxÞ2Co15:5V1:5
system is presented.

Fig. 5 shows magnetization curves measured at
5 K for the ðNd1�xErxÞ2Co15:5V1:5 compounds.
The derived values of the saturation magnetization
Ms are listed in Table 1 and are presented as a
function of the Er content in Fig. 6(b); Ms

decreases monotonically at a rate of 10:0mB=Er
with the increasing Er content, which is due to the
antiferromagnetic coupling of the Er moments
with the Co and Nd moments. The R moments
are parallel to those of the transition metal;
the saturation magnetization Ms of the
ðNd1�xErxÞ2Co15:5V1:5 compounds is in the case
of simpler dilution expressed by

Ms ¼ M0 � 2xðmNd þ mErÞ; ð3Þ

where M0 represents the saturation moment of one
formula unit of Nd2Co15:5V1:5 and mNd and mEr are
the moments of the Nd ion and the Er ion,
respectively. Taking for mNd and mEr the free-ion
values 3:62mB and 9:5mB; respectively, the satura-
tion magnetization Ms can be calculated by using
Eq. (3). The calculated results are plotted in
Fig. 6(b) as a dashed line and deviate obviously
from experiment results. This may be due to
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possible changes of the moments of Er and Nd
moments due to the crystal field effect, by which
the values of the moments of Nd and Er are
different from those of the free ions.

4. Conclusions

The structure and magnetocrystalline aniso-
tropy of ðNd1�xErxÞ2Co15:5V1:5 compounds have
been investigated. It is found that the
ðNd1�xErxÞ2Co15:5V1:5 compounds crystallize in
the Th2Zn17-type of structure for xp0:3 and in
the Th2Ni17-type of structure for xX0:6 and that
both structures coexist for x ¼ 0:4 and 0.5. The
unit-cell volume shows a contraction with increas-
ing Er content, reflecting the lanthanide con-
traction. The Curie temperature shows a
slight tendency to decrease in both structures.
The saturation magnetization of the
ðNd1�xErxÞ2Co15:5V1:5 compounds decreases
monotonically with the increasing of Er content
at a rate of 10:0mB=Er: A spin orientation is
observed for the compounds with x ¼ 0:0–0.5
and the spin orientation temperature decreases
with increasing Er content. For x > 0:5; there
is no spin reorientation. The room-temperature
magnetocrystalline anisotropy of the
ðNd1�xErxÞ2Co15:5V1:5 compounds changes from
the easy-cone with xo0:6 to the easy-axis for
xX0:6: A tentative spin phase diagram has been
constructed.
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