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Polycrystalline alloys Dy;_xPryFe;o (0 <x <1) were synthesized by arc-melting and subsequent high-
pressure annealing. Their crystal structure, magnetic properties and magnetostriction have been
investigated. X-ray diffraction results show that the system exhibits almost single cubic Laves phase with
MgCu,-type structure over the whole range. The lattice parameter of the cubic Laves phase increases lin-
early with increasing Pr concentration, while the Curie temperature goes the opposite way. The saturation
magnetization for Dy;_xPryFe; g decreases with the increase of x and reaches a minimum at x=0.4, then
it continues to increase with further increase of x, which reflects the antiparallel magnetic moment of Dy
and Pr. The magnetostriction A, — A, first increases and then decreases within the range of 0.0 <x <0.4,

and increases monotonically with further increasing x.
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1. Introduction

Studies on C15 cubic Laves phases REFe; (RE =rare earths) alloys
are of great importance due to their potential applications as mag-
netostrictive materials in sonar transducers, sensors, actuators,
etc. According to the single-ion model [1], PrFe, should have a
larger calculated magnetostriction than TbFe, and DyFe,, which is
ascribed to the large second-order Stevens’ factor «, ground state
angular momentum J and average radius squared <rif> of the 4f

electron shell of the Pr3* ion. In addition, due to its low price, a
magnetostrictive compound with high-Pr concentration should be
of more practical value. Accordingly, much attention has been paid
to magnetostrictive alloys with Pr [2-6]. However, former studies
showed that the alloy with cubic Laves phase is difficult to be syn-
thesized under normal pressure when the concentration of Pr is
high. For example, Wang et al. investigated the structure and mag-
netostriction of normal-pressure annealed Dy, _,PrxFe; alloys [7]. 1t
was found that (Pr,Dy)Fe, cubic Laves phase is the main phase of the
alloy with x < 0.2. Nevertheless, (Pr,Dy)Fes or (Pr,Dy),Fe7 becomes
the main phases when x > 0.2. Ren et al. found that the introduction
of a small amount of boron is beneficial to the formation of high-Pr
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content cubic Laves phase [8,9]. However, the single cubic Laves
phase could not be synthesized in Dy, _,Prx(Feg gBg.1 )2 alloys when
Pr concentration exceeds 40at.% in rare-earth sublattice. Up to
present, Dy;_xPryxFe; cubic Laves alloys with high-Pr content have
not yet been synthesized and their magnetic properties remain
unknown. Recently, we reported that the structure and magnetic
properties of high-pressure synthesized PrFey (1.5 <x < 3.0) alloys
and the single cubic Laves phase was realized in PrFe; g [10]. In this
paper, polycrystalline alloys Dy;_yxPryFe;9 (0 <x<1) with cubic
Laves phase have been successfully synthesized by a method of
arc-melting and subsequent high-pressure annealing. The crys-
tal structure, magnetic properties and the magnetostriction of the
alloys are investigated.

2. Experimental

Ingots with stoichiometric composition of Dy;_xPryFe;o (x=0.0, 0.2, 0.4, 0.6,
0.7, 0.8, 0.9, and 1.0) were prepared by melting the constituent metals in a
magneto-controlled arc furnace under a high-purity argon atmosphere. The purity
of constituents is 99.9% for Pr and Dy, and 99.8% for Fe. During the arc-melting pro-
cess, a variable magnetic field was applied to control the focus of the arc and stir
the liquids, so that the samples can be melted thoroughly and homogeneously. The
ingot (about 1g for each sample) was pressed into disk and wrapped in tantalum
foils, then, it was loaded into a graphite pipe heater with the shape of cylinder.
Pyrophyllite was used for outside layers of pressure transmitting layer and MgO
as the inner one. The schematic diagram of the sample assembly for high-pressure
annealing is shown in Fig. 1. The assembly was pressed to 6 GPa by a hexahedral
anvil press and heated to 900°C for 30 min. Conventional X-ray diffraction (XRD)
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Fig. 1. The schematic diagram of the sample assembly for high-pressure annealing.

analysis was carried out using Cu Ko radiation with a Rigaku D/Max-gA diffrac-
tometer. The XRD data were analyzed using the Jade 5.0 XRD analytical software
(Materials Data, Inc., Livemore, CA). The Curie temperature was detected by a ther-
mal gravitation analyzer with a vertical gradient magnetic field under the samples.
The magnetization at room temperature of the compounds was measured using a
superconducting quantum interference device magnetometer at fields up to 50 kOe.
The shape of sample for magnetostriction measurement was mainly cylindrical with
a diameter of 10 mm and a height of 2 mm. The linear magnetostriction of the sam-
ple was measured using standard strain-gauge technique in directions parallel (1)
or perpendicular (A, ) to applied magnetic fields up to 10 kOe at room temperature.

3. Results and discussion

The XRD patterns for Dy_,PrxFeq g with different Pr concentra-
tions are shown in Fig. 2. It can be seen that the system exhibits
almost single cubic Laves phase with MgCu,-type structure over
the whole range, coexisting with a minor of impurities, i.e. rear-
earth phases. In comparison with the structure of Dy;_,PrxFe, [7]
and Dyq_xPrx(FeggBo.1)2 [8] alloys with high-Pr content prepared
by normal-pressure annealing, our samples are free of RE;Fe{; or
REFe; phase. Generally, the atomic size plays an important role in
the formation REFe, cubic Laves alloys. It can be estimated that the
ideal radius ratio between RE and Fe for a cubic Laves phase is 1.225
[11]. Among all the Lanthanide elements, Pr is the largest atom
except Ce. Due to the mixed-valence behavior of Ce, CeFe, cubic
Laves phase can be easily synthesized at ambient pressure [12]. But
PrFeq g cubic Laves phase could not be synthesized due to the large
radius ratio between Pr and Fe. On the other hand, PrFe; g with

Fig. 2. The XRD patterns for Dy;_,PryFe; ¢ with different Pr concentrations.

Fig. 3. (a) The lattice parameter a and (b) the Curie temperatures T. of Dy;_xPrxFe; o
cubic Laves phase as a function of Pr concentration.

Table 1

Lattice parameter a (nm), Curie temperature T. (°C), magnetization omax (emu/g)
at a magnetic field of 50kOe, coercivity ;H. (Oe) at 300K, and magnetostric-
tion (A —A1)max (ppm) at a magnetic field of 10kOe at room temperature for
Dy1_xPryFe; g cubic Laves phase compounds.

SalTlPIe a Tc O'max iHc ()\H — AL )max
0.0 0.7324(5) 363 86 364 311
0.2 0.7343(4) 333 44 456 372
0.4 0.7381(2) 312 23 913 255
0.6 0.7419(9) 283 26 600 462
0.8 0.7443(2) 267 56 110 743
1.0 0.7478(7) 248 88 50 984

MgCu,-type structure has been proved to be a metastable phase
and its decomposition temperature is as low as 408 °C [10]. These
may be the reasons that preclude the ambient pressure synthesis
of the Dy;_xPryFe; g cubic Laves alloys when the Pr concentration
exceeds 0.2. Therefore, the formation of Dy;_,PryFe; g cubic Laves
phase with high-Pr concentration should be ascribed to the effects
of high pressure.

The lattice parameter (a) of Dy;_,PrxFeq g Laves phase is shown
in Fig. 3(a), also listed in Table 1. An approximate linear increase
with Pr concentration from 0.0 to 1.0 is found, as expected from
Vegard’'s law:a=xa; +(1 —x)ay, where a; and a, are the lattice
parameters of PrFe; g and DyFe g, respectively. The lattice parame-
ter of PrFeq g is up to 0.7478 nm, which is the largest one among the
REFe; alloys [1,13]. The increase of lattice parameter with increas-
ing Pr concentration is due to the larger ionic radius Pr3* than that
of Dy3*. The Curie temperature of Dy;_,PryFe; g cubic Laves phase
is shown in Fig. 3(b). It can be seen that the Curie temperature
decreases almost linearly from 363 °C (DyFe; g) to 248 °C (PrFe; g).
In general, the Curie temperature is determined by the exchange
of 3d-3d atoms and modulated by 3d-4f hybridization [14]. As for
Dy, _xPrxFeq g alloys, the increasing of the Curie temperature indi-
cates that the 3d-4f coupling becomes weak with increasing Pr
concentration.

The hysteresis loops measured at 300 K for Dy;_,PrxFe; g alloys
are shown in Fig. 4. The inset of Fig. 4 shows the initial magne-
tization curves at the same temperature. We can note that the
magnetization of the alloys is close to saturation at the field of
50 kOe. The magnetization omax at 50 kOe and the coercivity ;H
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Fig. 4. Hysteresis loop of Dy;_PryFe; g alloys at 300 K. The inset shows the initial curve of Dy;_,PryFeq ¢ up to 50 kOe.

of Dy;_xPrxFe{ g are summarized in Table 1. For clarity, omax as
a function of Pr concentration is also plotted in the Fig. 5. It can
be seen that onax decreases with increasing Pr concentration to a
minimum at x=0.4 and then increases with further increasing x.
This can be understood by the compensation of sublattice mag-
netization: the moment of light rare-earth Pr is parallel to that

Fig. 5. The magnetization om.x at 50kOe and the coercivity ;H. of Dy;_xPryFe;q
alloys at 300K.

of Fe whereas the moment of heavy rare-earth Dy is unparal-
lel to. The magnetic moment of Dy;_,PrxFeig can be described
as: us=(1—-x)upy — 1.9 tpe — Xppr. As a result, the competition
between these two sublattice moments leads to first decrease and
following increase in the total net magnetization. From the analysis
the magnetization of the alloy system, we can also get a conclusion
that the magnetic moment compensation point between Dy and
Pr should be within the range of 0.4 <x <0.6 at 300K. The coer-
civity ;H. of Dy;_xPrxFei g as a function of Pr concentration is also
presented in Fig. 5. With increasing the concentration of Pr, ;H.
increases from 364 Oe (DyFe; g) to 913 Oe (DyggPrg4Fe19) and fol-
lowing decreases to 50 Oe (PrFeq g).The ;H. of DyFe; g is much larger
than PrFe; g, which implies the lower anisotropy of PrFe; g than
that of DyFeq g [9]. DyggPro.4Fe1g possesses the lowest saturation
magnetization and the largest coercivity among the present system.

Fig. 6(a) shows the magnetostriction (A, — A ) of Dy;_xPrxFej g
versus the applied field at room temperature. It is obvious that
DyFeq g possesses a much lower magnetostriction than PrFeq g. This
might be ascribed to the different room-temperature easy magne-
tization directions (EMD) of these two alloys. The EMD of PrFeq g
lies along (11 1) [10,15], while that of DyFe; g is (100) [1]. Accord-
ing to the atomic model for anisotropic magnetostriction proposed
by Callen and Clark [1], a large rhombohedral distortion is allowed
when the EMD of REFe; lies along (1 1 1). Conversely, only small dis-
tortions are permitted when alloy’s EMD is along (1 0 0). Besides, we
can see that the magnetostriction of DyFe; g is much harder to get
saturation than that of PrFe; g. This can be well understood since
DyFe; g has larger anisotropy than PrFeq g.

In order to investigate the variation of magnetostriction with
different Pr concentrations, the magnetostriction A — A, as a func-



536 Y.G. Shi et al. / Journal of Alloys and Compounds 506 (2010) 533-536

Fig.6. (a) The room-temperature magnetostriction (A, — A, ) of Dy;_xPrxFe; g versus
the applied field. (b) The magnetostriction (A, — A, ) as a function of Pr concentration.

tion of x is plotted in Fig. 6(b). The magnetostriction increases
with the addition of Pr and shows a maximum around x=0.2.
This tendency is similar to that of Dy, _,Prx(Fegg9Bg 1)2 system with
0.0 <x <0.3 [8]. With further increasing x to 0.4, the magnetostric-
tion exhibits a minimum. This can be explained by single-ion model

[16]: the saturation magnetostriction is proportional to M;R, where

Msy is the saturation magnetization of the rare-earth sublattice;
since the average of Mgy is the lowest at x= 0.4, the magnetostriction
(A —=AL) should also show a minimum value. A similar behavior
can also be found in some other heavy rare-earth and light rare-
earth mixed pseudobinary alloys, such as Tbg gPrg4Feq9 [17] and
TbggNdg4Feq g [18]. With x increasing from 0.4 to 1.0, the mag-
netostriction of the system increases monotonically, which should
be ascribed to the larger magnetostriction of PrFe; g than that of
DyFeqg.

4. Conclusion

The magnetic properties and the magnetostriction of
Dy,_xPrxFe; g9 alloy system have been investigated in detail.
The method of high-pressure annealing can break through the
solubility limitation of Pr in Dy;_4PrxFe g cubic Laves alloys. The
decrease of Curie temperature with increasing Pr can be associated
with the decreasing strength of 3d-4f coupling. The variation
of saturation magnetization for Dy;_,PrxFe g is ascribed to the
antiparallel moments between Dy and Pr. PrFe; g possesses a much
larger magnetostriction than DyFeq 9. The magnetostriction is not
linearly increases with increasing x, but presents a minimum at
x=0.4. The magnetostriction behavior of DyggPrg4Fe;9 can be
understood on the basis of single-ion model.
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