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ABSTRACT

The thermal expansion and magnetostriction of Nd,Fe;4Sis polycrystalline intermetallic compound was
measured, using the strain gauge method in the temperature range 77-590 K under applied magnetic
fields up to 1.5 T. Results show that both linear thermal expansion and linear thermal expansion coeffi-
cient exhibit anomalies below Curie temperature. A pronounced positive spontaneous volume magneto-
striction has been observed below the Curie temperature. The spontaneous volume magnetostriction
decreases with Si substitution in Nd,Fe;; compound. The saturation trend of the anisotropic magneto-
striction below 115 K depends on the saturation of the /” mode. In the low field region (poH < 0.3 T), a
minimum appears in the isothermal curves of the volume magnetostriction that may be attributed to
the domain walls motion and rotation of the magnetic moments of domains toward the applied field
direction. The results of the spontaneous and anisotropic magnetostriction are discussed based on the

local magnetic moment model and irreducible magnetoelastic coupling modes, respectively.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallic compounds based on rare-earth (R) and transition
metal (T) elements have an important role from technological
applications and fundamental viewpoints [1]. The large magnetic
anisotropy originates from R sublattice while high Curie tempera-
ture (Tc) and spontaneous magnetization (Ms) are attributed to T
sublattice in these material series [2]. The binary compounds
R,Fe;; are one of widest group of R-T intermetallics. These com-
pounds are either ferromagnetic system with R = light rare-earth
or ferrimagnetic system with R=heavy rare-earth elements [3].
The compounds crystallize either in the rhombohedral structure
of ThyZn,;-type (for light R) or hexagonal structure of Th,Ni;;-type
(for heavy R), where Fe atoms occupy four non-equivalent sites and
R ions are located on one or two different crystallographic sites,
respectively [4]. Previous results show that the Curie temperature
of RyFe 7 is between 225 to 480 K, which is far less than for the bcc
iron (Tc=1073 K) [3]. The value of T¢ is due to Fe-Fe exchange
interaction which is strongly dependent on the dg._re (Fe-Fe inter-
atomic distance). The critical bond length between a positive ex-
change interaction (ferromagnetic) and a negative exchange
interaction (antiferromagnetic) is about 2.45 A [5]. Therefore, the
competition of ferromagnetic (dre_re > 2.45 A) and antiferromag-
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netic (dpe_re < 2.45 A) interactions of Fe-Fe pairs originates the
low T¢ in these compounds. Thus, for increasing Tc, dpe_pe Must
be optimized with the change of lattice parameters. The low Curie
temperature of RyFe{7; compounds restricts their practical applica-
tions as permanent magnet and high temperature magnetostric-
tive devices. Hence, many investigations were performed on
R,Fe;7 with the aim of improving their Tc. For example, partial sub-
stitution of Si, Cr, Ga and Al for Fe atoms in several RyFe;; com-
pounds changes lattice parameters and leads to significant
increase in T¢ and to modifying their magnetic anisotropy [6-11].
The anomalous thermal expansion and spontaneous magnetostric-
tion is another result from this competition [12]. In the past two
decade, many articles on the magnetostriction of RyFe;; single
crystal and polycrystalline compounds were reported [13-17].
However, effects of Si substitution on magnetoelastic properties
such as thermal expansion and magnetostriction have been less
considered until now [18-20]. Following our investigation on mag-
netoelastic properties of RyFe;7_,Six (R =Y, Er and Tm) compounds
[21], we report the thermal expansion and magnetostriction of
RyFe14Sis (R=Ce and Nd) and then estimate the contribution of
Nd and Fe sublattice to magnetoelastic properties.

2. Experimental details

The RyFe;4Si3 (R = Ce and Nd) polycrystalline samples were prepared by induc-
tion melting of the constituent materials of 99.9% purity under purified Ar atmo-
sphere. As-cast ingots were heat-treated at 900 °C for 2 days and then rapidly
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cooled to room temperature. Powder X-ray diffraction (with Cu Ko radiation) pat-
terns of the annealed samples was used to determine phase purity, crystal structure
and lattice parameters. X-ray diffraction of RyFe;4Siz compounds indicate that the
prepared samples to be almost single phase that crystallize in rhombohedral struc-
ture of ThyZn,;-type, however, a few percent of alpha iron were observed as a sec-
ond phase in Nd,Fe;4Si; sample. The presence of such impurity phase has also been
reported in earlier publications [22,23]. The lattice parameters are found to be
a=8443A, c=12.434A and a=8512A, c=12.464 A for R=Ce and Nd, respec-
tively. These results are consistent with the literature [8].

Thermal expansion and magnetostriction measurements were performed by
using a strain gauge method. Disk-shaped samples (10 mm diameter, 3 mm thick)
were used, which cut from the annealed bulk ingots. Magnetic fields were applied
up to 1.5 T, with temperature ranging from 77 to 590 K. The linear thermal expan-
sions Al/l = [I(T) — I(77K)]/1(77K) were deduced by measuring the relative change
of length of the samples versus temperature. The magnetostriction were measured
(with an accuracy of 2 x 10~°) parallel (longitudinal magnetostriction, ) and per-
pendicular (transverse magnetostriction /) to the field direction, thus allowing to
deduce the anisotropic (44 = 4-/4;) and the volume (AV/V =/, + 2/,) magnetostric-
tion. It should be emphasized that no significant difference was observed between
the strains measured in the plane and perpendicular to the plane of the disc of the
samples, suggesting the absence of any preferred orientation effects.

3. Results and discussion

The linear thermal expansion curves, Al/I(T) and linear thermal
expansion coefficient, o(T) = 4L [Al/I(T)] of RyFe14Si3 (R=Ce and
Nd) compounds are shown in Fig. 1. It can be seen that both
Al/I(T) and o(T) of samples exhibit an anomalous behaviour near
Tc. Beyond Tc in the paramagnetic region, Al/I(T) behaves linearly.
The spontaneous linear magnetostriction, [Al/I(T)],, was deter-
mined by subtracting the lattice thermal expansion, [Al/I(T)]
from the total experimental linear thermal expansion, [Al/I(T)],,
ie. [Al/I(T)],, = [Al/I(T)]exp, — [Al/U(T)],o- The lattice contribution
(the dashed lines in Fig. 1) is obtained by extrapolating the para-
magnetic range according to the Debye theory with the Debye
temperature, Tp=450K [18,20], and Griineisen relation,
o(T) = kyCy/3 where o is the phonon anharmonic thermal expan-
sion coefficient, x the isothermal compressibility, y the Griineisen
parameter, and Cy is the specific heat. Assuming Al/I(T) is isotropic
for polycrystalline sample; spontaneous volume magnetostriction
will be ws(T) = 3[Al/I(T)],, which is defined as the relative volume
difference between the magnetic and paramagnetic states. Fig. 2
shows the temperature dependence of w;(T) for RyFe14Sis (R=Ce
and Nd) compounds. The results show the decrease of w; from
5.7 x 1073 and 7.0 x 1073 to about zero at Tc for Ce and Nd con-
taining compounds, respectively. The comparison of these values
with those of Ce,Fe;7; and Nd,Fe;; indicate that w, decrease with
Si substitution [12,13]. The nonzero remaining values of w; above
Tc reflect the existence of a short-range magnetic ordering in the
paramagnetic state, similar to other 2-17 compounds [12,18,20].

In order to investigate the spontaneous magnetostriction of
these compounds and the effect of Si substitution on ws(T) of
R,Fe;;-type, we use the local magnetic moment model (the Hei-
senberg model). In this model, w; is proportional to two-ion isotro-
pic spin correlation functions (S; - S;) [24], which is called as the
magnetic exchange interaction between i and j lattice sites. It is
well known that in R-Fe compounds, there are three exchange
interactions included Jrere between the Fe spins, Jrre between the
rare earth spin and Fe spins, and Jgg between rare earth spins. Jrere
is dominant in comparison to Jrre, Whereas Jrg contribution is small
and can be neglected [22]. Therefore, Jr.re has the major contribu-
tion to ws in these compounds. The total Fe-Fe exchange interac-
tion is not only determined by the exchange parameter J! ..
(exchange integral between Fe{i} and Fe{j}, where {i} and {j} are
Fe atoms for equivalent and non-equivalent sites) but also by Fe
magnetic moment and the number of iron nearest neighbors
[20,25]. The signs and magnitudes of exchange integral as a func-
tion of the distance of the Fe-Fe pairs determine using famous
Bethe-Slater curve (Fig. 3). It is clear that with an increase in the
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Fig. 1. Linear thermal expansion Al/I(T) and linear thermal expansion coefficient
o(T) for RyFey4Si; (R=Ce and Nd) compounds, The dashed lines represent the
calculated phonon contribution to the thermal expansion as discussed in the text.
The arrows indicate the Curie temperatures.
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Fig. 2. Temperature dependence of the spontaneous volume magnetostriction (c)
for RyFe4Siz (R=Ce and Nd) compounds. The arrows indicate the Curie
temperatures.

distance of the Fe-Fe pairs, the exchange integrals modify from
negative to positive. When the distance is smaller than 2.45 A,
the exchange interactions between the Fe atoms are negative;
while the Fe atoms are located at a larger distance the interactions
are positive. Moreover, the positive interactions increase at first
and then decrease. Previous results showed that when Si atoms re-
place Fe in RyFeq7_,Six (R = Ce and Nd) alloys, Si atoms avoid the 6¢
site, substitute preferentially into the 18 h site, fill the 9d site stea-
dily and fill the 18f site only at high Si content [26-28]. Therefore,
the magnetic moments, the bond lengths and the effective number
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Fig. 3. The exchange integrals, J.;, as a function of the distances between the Fe-Fe
pairs. The bond lengths of 6¢c-6¢, 9d-18f, and 9d-18h sites for Ce,Fe;7 (circles),
Ce,Feq4Si3 (squares) and Nd,Fe,sSi, (triangles) compounds [21,25].

of iron nearest neighbors change by Si substitution. The three sets
of bond lengths for Ce,Fe;7, Ce;Fe 4Si3 and Nd,Fe5Si; are depicted
on the Bethe-Slater curve in Fig. 3, using the Neutron diffraction
measurements on these compounds [22,26-28]. The anomalous
thermal expansion and Invar effect in R,Fe;;-type below room
temperature is due to the negative magnetic interaction between
the 6¢-6¢, 9d-18f, and 9d-18h sites [5]. Here, we calculate approx-
imately Jrere (Heisenberg Hamiltonian) for these sites as:

Jrere = Z Ni*]mim]l,geFe

ij=c-cd fd-h
= Ne_ememJgge + N smamyffele + Na_nMamufiege (1)
1257 (-175)+4-(1.7)- (2.4) - (-15)
+4.(1.7)-(1.7) - (+2.5) = —83.1 meV
Jrere = 1-(2.1)* - (=18) + (Nay < 4) - (1.7) - (2.4) - (-1.5)
4 (Now <4)-(1.7)- (24) - (2.5) < —62.7 meV

for Nd,Fe;7; and Nd,Fe4Si; compounds, respectively [27,28]. In Eq.
(1), Ni_j, m; and m; are the effective number of bonds between i and j
sites, the magnetic moment of i and j sites, respectively. For simpli-
fication, the 6¢, 9d, 18f, 18h sites are labeled with c, d, f, and h. It is
noticed that in above calculation we use the bond lengths of
Nd,Fe;sSi, for Nd,Fe 4Si; sample. Presence of (<) in second term
indicate that the effective number of d-f and d-h bonds in Nd,Fe 4.
Sis is lower than that of Nd,Fe;; because of Si substitution in these
sites. As a result of the above calculation, the decreasing of ws(T)
and the disappearing of the Invar effect of Nd,Fe 4Sis compared
to Nd,Fe;; can be attributed to the increasing of the exchange inter-
action from —83.1 meV to Jrepe = —62.7 meV [12,22,26-28]. Such
behavior has been also observed in hexagonal structure of
Th,Ni;;-type [18,20]. On the other hand, the comparison of sponta-
neous magnetostriction for Ce and Nd containing compounds in
Fig. 2 show that w,(Nd) > ws(Ce). This result is also a consequence
of Jrere(Nd) < Jrere(Ce) based on this model. Moreover, the compari-
son of w; for Ce and Nd containing compounds indicate that the ma-
jor contribution to w; originates from ;s of the Fe sublattice. Similar
results have also been observed in other related intermetallic com-
pounds [29,30]. Finally, the decrease of w, with temperature can be
attributed to the decrease of the magnetic moment and the mag-
netic exchange interaction values with temperature increasing.
Fig. 4 shows the anisotropic magnetostriction (A1) of Nd,Fe;4Si;
compound as a function of applied field at some selected temper-
atures. It can be seen that the A/ curves exhibit different behaviors
which strongly depend on temperature. At low temperature
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Fig. 4. Field dependence of the anisotropic magnetostriction of Nd,Fe;4Si; com-
pound at different temperatures. In this and all following figures, the lines are
guides for the eyes.

(T<115K), the AZ curves reach complete saturation in
HLoH<0.8T. In the temperature range 115K<T<210K, A/
strongly decreases at a low field, reach a minimum in low-field re-
gion, and then monotonically increases. With more increasing tem-
perature, A/ reveres its sign for the high applied fields. Also, the
values of applied threshold field in inflection point on isothermal
curves of A/ decrease with increasing temperature. The tempera-
ture dependence of A/ for this compound at selected applied field
is shown in Fig. 4. As one can see the anisotropic magnetostriction
increases with temperature. Finally, magnetostriction compensa-
tion occurs at a point (Tp) which is different at typical applied
fields. A Similar magnetostriction compensation point has been
also observed in Nd,Fe;; compound [16]. Further, comparison of
AJ. values for Nd,Feq4Si3 and Nd,Fe;; in ref. [16] shows that A/ de-
creases by Si substitution in low temperature.

For detail analysis of the magnetostriction results of our poly-
crystalline samples, we use the irreducible magnetoelastic cou-
pling modes (i.m.c.m) in the notation of Callen [16,24]. For
polycrystalline materials with axial symmetry (such as the studied
compounds), by averaging over all the space angles the anisotropic
magnetostriction (A4),,, can be explained versus i.m.c.m as
[16,24],

ava

(A2)

ava

= % (V33, + 347 + 27%) + higher order terms 2)

where, 13, mode represents variations of c/a ratio, i’ refers to the
breaking of cylindrical symmetry in the basal plane and 2% a shear
in a plane containing the c-axis [14,15]. This means that the aniso-
tropic magnetostriction in polycrystalline materials is attributed to
the single-ion crystal electric field (CEF) and no exchange striction
terms (4%, andi},) contribute to A/ The Eq. (2), using the measure-
ments on the same single crystal and polycrystalline compounds
such as Y,Fe;; [14,17] and Ho,Fe{; [15,17] has been approved.
Our compound is a polycrystalline sample with large magnetocrys-
talline anisotropy (Ha) of an easy plane type with the b-axis as the
easy magnetization direction as reported in [11]. The magnitude of
anisotropy field below 115 K in this compound is Hy > 14 T which is
higher than our available applied fields. Thus, AX depends on rota-
tion of magnetic moments in basal planes by applied field up to
1.5 T. Based on previous reports on single crystalline compounds
with basal plane anisotropy; it was observed that /* mode is negli-
gible with respect to other modes. Also, 3, is found to be small at
low magnetic fields and low temperatures [15]. Moreover, 1’ mode
saturates in low fields and its value is independent of the applied
fields [14,15]. Therefore, the saturation trend below 115 K may be
attributed to the saturation of the /” mode. The magnetisation
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Fig. 5. Temperature dependence of the anisotropic magnetostriction of Nd,Fe1,4Sis3
compound at the selected magnetic fields. The arrows refer to the compensation
point (Tp). The inset shows the temperature dependence of A/ in Ce,Fe;,4Si; sample
at the selected magnetic fields.

information showed that the anisotropy field within basal plane de-
creases with increasing temperature [11]. Consequently, /” mode
decreases with temperature. On the other hand, in single crystalline
compound is observed that 23, mode increase with temperature
[14-15]. Therefore, gradually /5, mode is enhanced in Nd,Fe;,Sis
sample. Hence, the saturation behaviour is disappeared and then
inflection point is exhibited in A/ curves above 115 K. the first,
inflection points are exhibited in medium field region but with
more increasing temperature, 23, mode dominates A’ mode in low
fields so that inflection points take place in the low field region. Fi-
nally, the occurrence of magnetostriction compensation point in
Fig. 5 show that 4’ is negative and 23, has positive value. In order
to determine Nd and Fe sublattice contribution to magnetostriction,
we measure the magnetostriction of Ce,Fe 4Siz compound (the in-
set of Fig. 4) which has the same rhombohedral structure and planar
magnetic anisotropy such as Nd,Fe,4Si3 [11,31]. Since, Ce ion is tet-
ravalent and has no 4f-derived magnetic moment; therefore, it can
be assumed that has negligible contribution to the magnetostric-
tion. Hence, the magnetostriction of Fe sublattice is obtained from
Ce,Fe4Si3; magnetostriction. Results show that Fe sublattice contri-
bution to magnetostriction is positive and one order of magnitude
lower than that of Nd sublattice. Similar results have also been ob-
served in the magnetostriction of other related intermetallic com-
pounds [32].

The volume magnetostriction (AV/V) of the Nd,Fe 4Siz com-
pound is plotted versus applied field at selected temperature in

Fig. 6. Field dependences of the volume magnetostriction of Nd,Fe;4Sis compound
at some typical temperatures.

Fig. 6. It is clear that the volume magnetostriction curves in high
field region are positive and increase with the applied fields. How-
ever, in the low field region (1oH < 0.3 T), a minimum appears in
the isothermal curves of AV/V. By decreasing temperature these
minimum not only become deeper but are also displaced at lower
applied fields. This effect may be attributed to the domain walls
motion and rotation of the magnetic moments of domains toward
the applied field direction that are accompanied by negative vol-
ume magnetostriction.

4. Conclusions

We investigated the magnetoelastic properties of RyFe;4Sis
(R =Ce and Nd) alloys. The spontaneous volume magnetostriction
decreases and the Invar effect disappears with Si substitution that
can be ascribed to increasing of exchange interaction between
6¢c-6¢, 9d-18f, and 9d-18 h sites. The appearance of the magneto-
striction compensation point in A/ curves of Nd,Fe;4Si3 show that
1Y is negative and 23, has positive sign. The measurements of the
magnetostriction on Ce,Fe(4Siz and Nd,Fe;4Si; samples exhibit
that Fe sublattice contribution to magnetostriction is positive
and one order of magnitude lower than that of Nd sublattice.
The volume magnetostriction curves in high field region are posi-
tive and increase with the applied fields. However, in the low
field region (poH < 0.3 T), a minimum appears in the isothermal
curves of AV/V.
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