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Magnetic properties and magnetostriction of Pr,Nd;_.Fe; o
(0 <z <1.0) alloys at low temperature”
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The crystal structure, magnetic and magnetostrictive properties of high-pressure synthesized Pr,Nd;_,Fe;q (0 <
x < 1.0) alloys were studied. The alloys exhibit single cubic Laves phase with MgCu;-type structure. The initial mag-
netization curve reveals that Prg,Ndg gFe; 9 has a minimum magnetocrystalline anisotropy at 5 K. The magnetostriction
curve at 5 K shows that Pry ;Nd gFe; 9 has a very good low-field magnetostrictive property, and the magnetostriction of
the PryNd;_,Fe; ¢ alloy in high magnetic field is attributable mainly to Pr. The temperature dependence of the magne-
tostriction (7LH) at the field of 5 kOe shows that the substitution of Nd reduces the K; remarkably, and the values of 4 of
Prg,Ndg gFe ¢ and Pry §Ndg »Fe; ¢ alloys are nearly five times larger than that of the PrFe; g alloy below 50 K; the l” of
Pro gNdg »Feq g reaches up to 1082 ppm at 100 K, which makes it a potential candidate for application in this temperature

range.
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1. Introduction

In general, pseudobinary RFe, (R=rare-earth elements)
compounds with cubic Laves phase exhibit giant magne-
tostriction values and large magnetocrystalline anisotropies
at room temperature,l' 3! both of which have been inves-
tigated for many years. However, the large magnetocrys-
tilline anisotropy Kj leads to a small magnetostriction at a
low field, which limits the practical applications of this kind
of compounds. In order to reduce the magnetic anisotropy
and improve the low-field magnetostriction, the R.R;_.Fe>
anisotropy compensation system was proposed, in which the
magnetostriction and the anisotropy of each RFe; alloy depend
in a different way on the 4f electron wave function of R. Since
then, the giant magnetostriction has been reported at room
temperature in many binary compounds, like Tb,Dy_,Fe;,
Tb,Ho;_,Fe;, and Tbedl_XFel,g.[3714]

According to the single-ion model, the PrFe, alloy has
a larger magnetostriction at low temperature,!'!and our recent
investigation of PrFe; ¢ shows that it indeed has a huge mag-
netostriction at 5 K (3700 ppm in the direction parallel to a
field of 50 kOe).">! However, because of the large magne-
tocrystilline anisotropy, the PrFe; ¢ alloy does not show a good
low-field magnetostriction. As is well known, the easy mag-
netization direction (EMD) of PrFe, changes from (100) to
(111) as the temperature increases to room temperature,'%!
while the EMD of NdFe; also changes from (110) to (100).I'"]
According to the single-ion model, NdFe; also has a large cal-
culated magnetostriction of about 2000 ppm at 0 K.['! In addi-
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tion, a magnetostrictive compound with Pr or Nd should have
good practical prospects considering their low price. Further-
more, our investigation of the Pr—Nd-Fe system at room tem-
perature indicated that Pr,Nd;_,Fe; 9 might be a composition
anisotropy compensation system.!'8! Therefore, it is interest-
ing to investigate the magnetostriction behavior of Pr-Nd-Fe
systems at low temperature. In the present work, polycrys-
talline Pr,Nd;_,Fe; 9 (0 < x < 1.0) alloys with cubic Laves
phase are prepared by using a high-pressure synthesis method,
and the magnetostrictions of the alloys at low temperature are
reported.

2. Method

The Pr,Nd;_,Fe; 9 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) ingots
were prepared by melting the constituent metals in a magneto-
controlled arc furnace in a high-purity argon atmosphere. The
purity of the constituents is 99.9% for Pr and Nd, and 99.99%
for Fe. The as-cast ingot (about 1 g for each sample) was an-
nealed at 6 GPa and 900 °C for 30 min. The conventional
X-ray diffraction (XRD) analysis was implemented at room
temperature with Cu K, radiation with a Rigaku D/Max-gA
diffractometer, and the samples for XRD were ground into
powder to reduce the preferred orientation effect. Figure 1
shows the powder XRD patterns for the Pr,Nd;_,Fe;o al-
loys with different Pr concentrations at room temperature. All
the samples show the single MgCu,-type cubic Laves phase,
which could be ascribed to high-pressure annealing.!'>!8] The
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Curie temperature was measured using a thermal gravitation
analyzer with a vertical gradient magnetic field under the sam-
ples. A superconducting quantum interference device mag-
netometer (SQUID) was used to measure the magnetization
curves of the samples. The magnetostriction was measured
using the standard strain-gauge technique in parallel (AH) with
the direction of the applied magnetic fields, and the magnetic
field was supplied by a quantum design physical property mea-
surement system (PPMS).
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Fig. 1. (color online) XRD patterns of Pr,Nd;_,Fe; 9 with different Pr
concentrations at room temperature.

3. Results and discussion

The magnetic-field dependence of the magnetization at
5 K for Pr,Nd;_,Fe; 9 was measured. The inset of Fig. 2
shows the initial magnetization curves of Pr,Nd;_,Fe; ¢. It is
evident that for alloys with high Pr concentrations, the magne-
tization values are not saturated up to 60 kOe. Figure 2 shows
the M /Max versus H, where M.y denotes the magnetization
of the compound at 60 kOe. It can be seen that it is more diffi-
cult for the PrFe; ¢ alloy to be saturated than the NdFe, ¢ alloy,

1.0

0.8

IR
RO

coooor

0.2

H/kOe

Fig. 2. (color online) The M /My,x versus H curves of PryNd;_,Fe; o
at 5 K, the variation of magnetization with the applied magnetic field is
shown in the inset.

which indicates that PrFe; ¢ has a bigger magnetic anisotropy
at this temperature. Among all the samples, Pry,NdggFe;.o
is the most easily saturated one, revealing that it has a lower
magnetic anisotropy at 5 K in this ferromagnetic system. This
result indicates that the moderate substitution of Nd for Pr in-
deed decreases the magnetic anisotropy at low temperature.

In order to confirm this conclusion, the magnetocrys-
talline anisotropy constant K of the alloy at 5 K is determined
by simulating the M—H curve using the approximate saturation
law! ]

M =M(1—a/H—b/H*—---) + xpH, (1)

with b = (8/105)(K?/u2M?), where M is the spontaneous
magnetization, and X, is the paramagnetic susceptibility. Val-
ues of Kj for all alloys are listed in Table 1. It can be seen
that K; of Prg,NdggFe; o is the smallest one, and the sub-
stitution of Nd indeed decreases the magnetic anisotropy of
Pr,Nd;_,Fe; 9 (0 <x < 1.0) alloys.

Table 1. Calculated magnetocrystalline anisotropy constant K; of
Pr,Nd; _,Fe o alloys at 5 K.

X 1.0 0.8 0.6 0.4 0.2
K1/10° J-m—3 26 16 13 10 6 7

The magnetostrictions of PryNd;_,Fej ¢ alloys at 5 K are
shown in Fig. 3, the measurement was performed in the direc-
tion parallel to the applied fields. It can be seen that at the
largest field of 90 kOe, AH increases from 1880 ppm (x = 0) to
4770 ppm (x = 1.0) with the increase of the Pr concentration.
As far as we know, the data of 4770 ppm is the biggest experi-
mental value for the RFe, compounds. It is also observed that
),H’s of the alloys with low Pr concentrations (x = 0, 0.2, 0.4)
are saturated at the field of 90 kOe, and the saturated magne-
tostriction l‘? increases linearly with the increasing concentra-
tion of Pr, which can be described as

870
A (x) = 1880+ 2t )

According to Eq. (2), we can also evaluate the saturated mag-
netostrictions of alloys with high Pr concentrations (x = 0.6,
0.8, 1.0), the results are shown in Table 2. For isotropic poly-
crystalline materials, kﬁ can also be obtained by using the sat-
uration relationship

a b
/1|=/15<1—H—H2>, 3)

where a and b are constants.[20-2!

I The saturated magnetostric-
tions calculated from this function are also summarized in Ta-
ble 2. It is found from this table that the saturated magne-
tostrictions of each alloy given by the two different calculation
methods are very close. This result reveals that AHS of the alloy

with a high Pr concentration is also fit with Eq. (2). Therefore,
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the increase of )LHS of the Pr,Nd;_,Fe; ¢ alloy obeys the lin-
ear relationship, which indicates that the magnetostriction of
the Pr,Nd;_,Fe; ¢ alloy at a high magnetic field mainly comes
from the contribution of Pr.

Table 2. Calculated saturation magnetostriction values of
Pr,Nd;_,Fe; ¢ alloys at 5 K; )Lﬁ o and ;LHSb denote the calculated data
obtained from Eqgs. (2) and (3), respectively.

Pr,Nd;_,Fe; 9 ProsNdo.4Fe 9 Pro gNdooFe; 9 PrFe; o
lﬁ a/ppm 4490 5360 6230
lHS b/ pPpm 4800 5500 5840
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Fig. 3. (color online) Magnetic field dependence of ;LH of Pry,Nd; _,Fe; o
at5 K.
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Fig. 4. (color online) The }'H/A'Hmax versus H of PryNd;_Fej ¢ at 5 K.

From Fig. 3, it also can be seen that the alloys containing
Nd have large low-field magnetostrictions, indicating that the
substitution of Nd decreases the magnetic anisotropy of the al-
loy, which is consistent with the result in Fig. 2. It also can
be seen that Pro,NdggFe; 9 possesses a better magnetostric-
tion property at low fields, for example, AH of Pro»Ndg gFe; o
reaches up to 1140 ppm at the field of 5 kOe.
shows the A /A|max versus H, where Ay, denotes the mag-

Figure 4

netostriction of the alloy at 90 kOe. It is evident from Fig. 4
that Pro,NdgsFe; ¢ is most easily saturated, suggesting that

it has a lower magnetic anisotropy at 5 K. As we have men-
tioned above, the EMD of PrFe; is along the (100) direction
at 5 K,[' while that of NdFe; is along the (110) direction.!'”!
The x = 0.2 might be near the anisotropy compensation point
of the Pr—Nd-Fe system at 5 K, which makes it have a smaller
value of magnetic anisotropy and a better low-field magne-
tostrictive property.
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Fig. 5. (color online) Temperature dependences of (a) M and (b) )L”
of PrFe; 9, Pro.gNdg,Fe 9, and Prg,NdggFe; ¢ in a magnetic field of
5 kOe.

Figure 5 shows the temperature-dependent magnetization
M and the magnetostriction )LH of PrFe; 9, Prg gNdg »Fe| 9, and
Prg,Ndg sFe; ¢ in the applied field of 5 kOe. From the M vs. T
curve in Fig. 5(a), it is obvious that these alloys all have mag-
netic transitions as the temperature increases. It is known that
the spontaneous magnetization will lead to a crystal-structural
distortion of the alloy with the cubic MgCu,-type Laves struc-
ture when the magnetization direction changes. Meanwhile,
different ferromagnetic phases are coupled with different crys-
talline phases.[>>?3! It can be seen in Fig. 5(a) that the mag-
netization state of PrFe; ¢ changes significantly, which is due
to the change of the EMD as the temperature increases, and
similar changes can be observed in the 4 vs. T curve in
Fig. 5(b). According to the results reported by Yang et al.,
if the EMD lies along (111), a rthombohedral (R) distortion
will occur; if the EMD lies along (100), the compound will
have a tetragonal (T) crystal symmetry. Therefore, we sug-
gest that the crystal structure change simultaneously occurs at
the magnetic transition temperature and attribute the change
of the magnetostriction to the different crystal structure dis-
tortion of the PrFe; ¢ alloy. As we have mentioned, the EMD
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of NdFe; will change from (110) to (100) as the temperature
increases:!'7! hence, the substitution of Nd should have an in-
fluence on the EMD of the Pr,Nd;_,Fe ¢ alloys and should
change the 4| of these alloys. It can be seen in Fig. 5(b) that
the magnetostriction of the alloy with Nd changes at the mag-
netic transition temperature. It can also be seen that the A;’s of
Pro gNdg.2Fe; 9 and Pry,Ndg gFeq.9 below 50 K are five times
larger than that of PrFe; 9, and that 7LH of ProgNdg,Fe; 9 is
also obviously bigger than that of PrFe; ¢ in the temperature
range of 50-200 K. This result indicates that the substitution
of Nd effectively reduces the magnetocrystalline anisotropy
and improves the low-field magnetostriction in a large range of
temperatures. Furthermore, the )LH of Pry gNdg,Fe; 9 reaches
up to 1082 ppm at 100 K, which makes it a candidate for prac-
tical applications around this temperature.

4. Conclusion

The initial magnetization curve of Pr,Nd;_,Fe ;9 at 5 K
indicates that the magnetocrystalline anisotropy constant K
of the PrFe; ¢ alloy is bigger than that of the NdFe ¢ alloy,
and the Pry,NdggFe; ¢ alloy shows a minimum value of K,
which indicates that the substitution of Nd indeed decreases
the K of these alloys at low temperatures. The magnetostric-
tion curve at 5 K shows that the Pry »Ndg gFe; 9 alloy has a bet-
ter low field magnetostrictive property, and the magnetostric-
tion of the Pr,Nd;_,Fe; ¢ alloy at a high magnetic field is at-
tributable mainly to Pr. The temperature dependence of the
magnetostriction AH of the Pr,Nd;_,Fe; ¢ alloy at the field of
5 kOe shows that a moderate substitution of Nd reduces the
magnetic anisotropy of the alloy remarkably, and the mag-
netostrictions of Pry,NdggFei9 and PrggNdg,Fe; 9 are five
times as large as that of PrFe; ¢ at low temperatures (below
50 K).
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