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a b s t r a c t

We studied the magnetostriction of Nd6Fe13�xCoxSi (x ¼ 0, 1) intermetallic compounds with tetragonal
Nd6Fe13Si-type structure, using the strain gauge method in the temperature range of 77e600 K under
applied magnetic fields up to 1.5 T. The anisotropic magnetostriction (Dl) versus temperature of the
studied samples has shown almost similar field-dependence behavior. Below the spin reorientation
temperature (TSR), Dl changes its sign from positive to negative value at an applied threshold field which
increases with decreasing temperature. This behavior may originate from the reduction of the magne-
tocrystalline anisotropy with temperature. It is also observed that absolute value of Dl increases by Co
substitution. On the other hand, the volume magnetostriction (DV/V) versus field shows different
behavior. The DV/V curves of Nd6Fe12CoSi tend to have a nearly quadratic dependence on applied field
near magnetic ordering temperature as expected for the parastrictive behavior. The temperature
dependence of magnetostriction values is discussed based on the magnetostriction relation of the
tetragonal structure to determine the signs of some of magnetostriction constants for these poly-
crystalline compounds.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ternary intermetallic compounds of Nd6Fe13Si-type R6Fe13M
(R ¼ Nd, Pr and M ¼ Si, Ag, Au, Cu,.) have been widely studied as
secondary phase in the NdeFeeB permanent magnet that causes an
increasing effect in the coercivity [1e3]. The crystallographic struc-
ture of tetragonal Nd6Fe13Si (space group I4/mcm) contains only one
Si site at 4a, while 8f and16l sites forNdand4nonequivalent (16k, 4d,
16l1 and 16l2) sites for Fe [4,5]. The structure of R6Fe13M compounds
inhalf of theunit cell canbedescribed as layers of rare-earth, ironand
metal stacked along the c-axis in the sequence of M-R(16l)-R(8f)-
Fe(16l2)-Fe(16l1)-Fe(4d,16k)-Fe(16l1)-Fe(16l2)-R(8f)-R(16l)-M [6e9].
These intermetallic compounds have attracted considerable atten-
tion because of the outstanding variety of magnetic interactions
originating from complex interplay between the different exchange
interactions (3de3d, 4fe3d and 4fe4f) as well as competing mag-
netocrystalline anisotropies of the two rare-earth sites [10,11].

Nd6Fe13Si compound is found to be antiferromagnetic below
420e430 K [11,12]. Various studies of this compound such as
Mössbauer spectroscopy in the temperature range of 80e295 K
[13,14], the powder neutron diffraction in the temperature range of
2e421 K [15] and high field magnetization between 4.2 and 295 K
in applied fields up to 23 T [16] exhibit a collinear antiferromag-
netic structure with an observed spin reorientation at about 100 K.
This means that below 100 K, the alignment of Nd and Fe magnetic
moments are in the basal plane whereas, by increasing tempera-
ture, they prefer to align along the c-axis.

In the pervious investigation, we studied the effect of Co substitu-
tion for Fe on the structure, magnetic properties and thermal expan-
sion of Nd6Fe13Si [12]. It is found that lattice parameters decrease and
the Néel temperature (TN) increases due to the increase of 3de3d ex-
change interaction. The spin reorientation (SR) also shifts to higher
temperature with Co substitution. This may arise due to the strong
effect of Co on the local anisotropy of Nd atoms. Both linear thermal
expansion and linear thermal expansion coefficient a(T) of the studied
compounds showa remarkable anomalyat TSR and invarbehaviornear
TN. However, it is interesting to study the influence of Co substitution
on the magnetostrictive properties especially at the vicinity of spin
reorientation temperature, so, the magnetoelastic properties of
Nd6Fe13�xCoxSi (x ¼ 0, 1) compounds are investigated in this work.
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2. Experimental

The starting polycrystalline compounds with nominal stoichi-
ometry Nd6Fe13�xCoxSi (x ¼ 0, 1) were prepared by arc melting of
high-purity constituent elements in the purified argon atmosphere
in a water-cooled copper crucible. In order to suppress the forma-
tion of 2:17 type compound as far as possible, an excess amount of
about 2% of Nd was used. To obtain single phase samples, the ingots
were turned over and melted again several times. After arc melting
the ingots wrapped in the tantalum foil, sealed into evacuated
quartz tube, then annealed at temperature of 600 �C for 4 weeks
and subsequently quenched to room temperature by immersing
the quartz tube in a water vessel.

X-ray powder diffraction (XRD) experiments using mono-
chromatic Cu-Ka radiation (l ¼ 1.5406�A) in the 2q range of 20e90�

with a step width of 0.017� were performed. For phase identifica-
tion and structural characterization, the analysis of XRD profiles of
samples was performed using the Fullprof software, which is based
on Rietveld method. Microstructure and elemental composition of
samples were also checked by scanning electronmicroscopy (SEM).
Both XRD and SEMmicrostructural analysis revealed the formation
of single phase Nd6Fe13�xCoxSi (x ¼ 0, 1) samples [12].

Magnetostriction measurements were performed in magnetic
fields up to 1.5 Tand temperature ranging from77 to 600Kusing the
strain gauge Wheatstone bridge technique on disc-shaped samples
with 6 mm diameter and 2 mm thickness. The magnetostriction of
the samples was measured (with an accuracy of 2 � 10�6) parallel
(longitudinal magnetostriction, ll) and perpendicular (transverse
magnetostriction, lt) to the applied magnetic field direction. The
anisotropic magnetostriction (Dl) and volume magnetostriction
(DV/V) were deduced from the relations of Dl ¼ ll � lt and
DV/V ¼ ll þ 2lt, respectively.

3. Results and discussion

Fig. 1 shows the field dependence of anisotropic magnetostric-
tion (Dl) of Nd6Fe13�xCoxSi (x ¼ 0, 1) samples at some selected
temperatures. It can be seen that Dl shows different behaviors at
different ranges of applied fields and temperatures. The behavior of
Dl curves versus the applied magnetic field below the spin reor-
ientation temperature (TSR) of about 105 and 172 K for Nd6Fe13Si
and Nd6Fe12CoSi compounds, respectively, is completely different
from the other curves. The Dl curves at temperatures below TSR
show a sign change from positive to negative at some threshold
filed (moH < 0.8 T at 77 K), which increases with decreasing tem-
perature. This behavior may be originated from the reduction of
magnetocrystalline anisotropy with temperature. In other hand, at
low temperature where the anisotropy is large, a larger applied
field is needed to overcome the magnetic anisotropy. Beyond the
spin reorientation temperature, Dl values are small; this may be
attributed to the reduction of the magnetization with increasing
temperature as seen in the magnetization measurements [12].

The temperature dependence of anisotropic magnetostriction
(Dl) for Nd6Fe13�xCoxSi (x ¼ 0, 1) compounds at some typical
selected fields is shown in Fig. 2. It is clear that the two compounds
show almost similar field-dependence behaviors in whole tem-
perature range.Meanwhile, the absolute values ofDl increase by Co
substitution for Fe in Nd6Fe13Si (Fig. 2(b)) especially below TSR. The
absolute values of Dl decrease with increasing temperature up to
TSR and then the rate of decreasing reduces and Dl goes
toward zero. The Dl curves of Nd6Fe13Si (Fig. 2(a)) show a
compensation point (T0) at about 380 K. This behavior may be due
to the magnetostriction compensation of the two Nd and Fe sub-
lattices contributing in themagnetostriction effect. The values of Dl
at temperatures above T0 where the iron anisotropy is dominant

[16] are positive. This may indicate that the magnetostriction may
also arise from the low anisotropy of iron sublattice and so, it can be
concluded that the sign of the anisotropy of Fe sublattice is positive.

For further discussion, we use the standard model of magne-
tostriction for systems with axial symmetry that presents different
crystal electric field (CEF) contributions of any orders [17]

lCEFðTÞ ¼ l2ð0Þm3
RE þ l4ð0Þm10

RE þ l6ð0Þm21
RE (1)

heremRE is the reduced rare-earth sublatticemagnetization. Neutron
diffraction results show that at higher temperatures, the dominant
iron anisotropy favors axial orientation of themagnetic moments. As
the temperature decreases, the anisotropy of the two neodymium
sites with opposite sign anisotropy constants increases and, hence,
virtuallycompensateseachother.However,with further temperature
decrease, themagnetic anisotropy is governed by the positive fourth-
order crystal-field terms of the two neodymium sites which lead to
change of magnetic anisotropy [16]. Therefore, using these results it
can be concluded that in addition to the second order crystal field
term, the forth order one is important below the spin reorientation
temperature. So, the rare-earth sublattice magnetization becomes
larger in this temperature range and causes the observed increase in
the absolute value of Dl by further decreasing temperature from TSR.
In this low temperature and weak applied field region, the present
compounds have easy plane anisotropy with high anisotropy field.

Fig. 1. Field dependence of anisotropic magnetostriction (Dl) of Nd6Fe13�xCoxSi
samples with (a) x ¼ 0 and (b) x ¼ 1 at some selected temperatures.
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Now consider the relation of anisotropic magnetostriction for a
polycrystalline material with axial symmetry (as the present
compounds with tetragonal structure) in terms of irreducible
magnetoelastic constants [18], calculated by averaging over all di-
rections within a sphere [17],

Dl ¼ 2
15

� ffiffiffi
3

p
la22 þ 3lg þ 2l 3

�
þ higher order termes (2)

where la22, l
g and l 3 denote the c/a ratio distortion for the fixed

volume upon themagnetization rotation from the basal plane to the
c-axis due the effect of applied magnetic field and temperature, the
breaking of the cylindrical symmetry of the basal plane by magne-
tization rotation and the shear tilting of c-axis, respectively. It is said
that formaterialswith the strongplanar anisotropy under the action
of weak magnetic fields in comparison with the anisotropy field of
the sample, lg is the dominant mode [19,20]. So, regarding the Dl
results (Fig. 2), it can be deduced that, lg being the dominant term in
the low temperature and field conditions, is negative. As tempera-
ture increases above TSR, the planar anisotropy field decreases and
thus the axial anisotropy becomes more favorable and just the
second-order crystal filed contributes in the anisotropy. Conse-
quently, at higher temperatures, la22 þ l 3 are positive and the
dominant mode in Dl. Therefore,la22, l

g and l 3with their different
signs cause the decreasing of Dl and the occurrence of magneto-
striction compensation in Nd6Fe13Si compound. It is worth noting
that in the Dl expression, the single-ion crystal field modes

contribute in theanisotropicmagnetostrictionof polycrystalline and
no exchange striction term ðla11 and la12Þ are present in Dl.

The Co substitution for Fe in Nd6Fe13Si increases the absolute
values of Dl. This behavior may be attributed to the enhancement
of contribution of the rare-earth sublattice that induces the larger
anisotropic magnetostriction in Nd6Fe12CoSi compound.

Asmentioned above, Nd6Fe13Si is antiferromagnetic. According to
themagnetic structure of this compound it is confirmed that there is
two magnetic sublattices for Nd sites with opposite anisotropy. The
Nd (16l) and Nd (8f) sites exhibit uniaxial and nearly planar anisot-
ropies respectively. This means that these two sites have different
easy directions. So the observed low anisotropic magnetostriction
values (order ofw10�6) for Nd6Fe13�xCoxSi in the magnetic ordering
region may attribute to the effect of competing magnetoelastic
coupling (strain reduction) of the two Nd sublattices. The magnetic
strains due to the Fe sites (with low magnetic anisotropy) are
considered to be low.

The field dependence of volume magnetostriction (DV/V) of
Nd6Fe13�xCoxSi (x ¼ 0, 1) samples at some selected temperatures is
presented in Fig. 3. It is clear that the Co substitution causes the
change of the volume magnetostriction behavior of these com-
pounds. In Nd6Fe13Si compound (Fig. 3(a)), apart from the different
trends observed for different isotherms at low field region (below
about 0.5 T), DV/V increases monotonically with the applied field.
However, in Nd6Fe12CoSi compound (Fig. 3(b)), below TSR (172 K)DV/

Fig. 3. Field dependence of volume magnetostriction (DV/V) of Nd6Fe13�xCoxSi sam-
ples with (a) x ¼ 0 and (b) x ¼ 1 at some selected temperatures.

Fig. 2. Temperature dependence of anisotropicmagnetostriction (Dl) for Nd6Fe13�xCoxSi
samples with (a) x ¼ 0 and (b) x ¼ 1 at typical selected fields up to 1.5 T.
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V decreaseswith increasing applied field and above this temperature
the increasing behavior is observed. At TSR, the volume magneto-
strictionofNd6Fe13Si compoundhaspositivevalue,whereas,DV/V for
Nd6Fe12CoSi compound is negative indicating the different values of
volume changes are related to the magnetostrictive coupling con-
stants at these two compounds. The DV/V curves have nearly
quadratic field-dependence near magnetic ordering temperature
(TN¼ 426 and439K for the compoundswith x¼ 0 and1, respectively
[12]) as expected for the parastrictive behavior [21].

Fig. 4 shows the temperature dependence of volume magneto-
striction (DV/V) for Nd6Fe13�xCoxSi (x ¼ 0, 1) compounds at selected
applied fields. It can be seen that apart from the anomalous behavior
aroundthe spin reorientation transition (atTSR¼105and172K for the
samples with x¼ 0 and 1, respectively), DV/V isofield curves show an
increasing trend in thewhole ordered range. At the ordering region, it
shows an anomalous and strongly field-dependent behavior once
again up to about TNwhere it shows rapidfield dependence. The peak
at TSRwhich is accompanied by the considerable increase in unit-cell
volume [14] can be originated from the decrease of magnetic
anisotropy and the enhancement of magnetization induced by mag-
netic field at this temperature. The increase of volume magneto-
striction beyond TSR can be ascribed by the change of magnetic
anisotropywhich leads the rotation ofmagneticmoments frombasal
plane to tetragonal c-axis. The volume magnetostriction of these
compounds has negative and positive values below and above TSR,
respectively, which indicates the volume expansion of these com-
pounds is due to the change of magnetic anisotropy.

For further discussion, one can describe the volume magneto-
striction of these polycrystalline compounds in terms of the irre-
ducible magnetoelastic coupling constants, the same as Dl. In this
way, the volumemagnetostriction is in the form ofDV=V ¼ la11 [18],
which is the uniform exchange striction mode. la11 represents the
volume changes that originate from two-ion isotropic exchange
depending only on the magnitude of magnetization (or the applied
magnetic field) and not its direction. It can be seen that the volume
magnetostriction of Nd6Fe12CoSi compound (Fig. 4(b)) is larger than
in Nd6Fe13Si (Fig. 4(a)) especially at the maximum applied field. As
mentioned above, considering the DV/V expression, one can
conclude that the increase of volume magnetostriction may arise
from the volume dependence of the magnetic exchange interactions
enhanced by Co substitution for Fe in Nd6Fe13Si compound.

4. Conclusion

The magnetostriction of polycrystalline Nd6Fe13�xCoxSi (x ¼ 0, 1)
compounds were investigated. The study of anisotropic and volume
magnetostriction has been performed in the temperature range of
77e600 K. The isofields of anisotropic and volume magnetostriction
exhibit the drastic change of their behavior around TSR that can be
ascribed to the effect of weakness of the magnetocrystalline
anisotropy above this temperature. The Co substitution for Fe in
Nd6Fe13Si increases the absolute values of magnetostriction espe-
cially below the spin reorientation temperature, which may be
attributed to the enhancement of the contribution of the rare-earth
sublattice. The experimental results of the temperature dependence
of the magnetostriction were discussed in the framework of the
magnetostriction relation of tetragonal structure to determine the
signs of some of magnetostriction constants for these compounds.
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Fig. 4. Temperature dependence of volumemagnetostriction (DV/V) for Nd6Fe13�xCoxSi
samples with (a) x ¼ 0 and (b) x ¼ 1 at typical selected fields up to 1.5 T.
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