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Composition anisotropy compensation and spontaneous magnetostriction
in Tb 0.2Dy0.8ÀxPrx„Fe0.9B0.1…1.93 alloys
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The possibility of the composition anisotropy compensating in Dy12xPrxFe2 is discussed
phenomenologically, based on a single ion approach. The crystal structure, the easy magnetization
direction, and the spontaneous magnetostriction of Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93(0<x<0.7) alloys
are studied. Single-phase Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 with cubic MgCu2-type structure forms up
to x50.4 and the magnetostrictive phase exists in all the alloys studied. A single~440! peak of x-ray
diffraction of the Laves phase exists when 0<x<0.3, but becomes doubly split when 0.4<x
<0.7 because of a large spontaneous magnetostriction along its easy magnetization direction^111&.
Composition anisotropy compensation is realized in Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys.
Tb0.2Dy0.4Pr0.4(Fe0.9B0.1)1.93 alloy with the single Laves phase has a large magnetostriction (l111

'1200 ppm) and a low anisotropy, which may be a good candidate material for magnetostriction
application. © 2003 American Institute of Physics.@DOI: 10.1063/1.1569651#
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The discovery of the well-known magnetostrictive com
pound Tb0.27Dy0.73Fe2 ~Terfenol-D!1 was based on the
Clark’s proposal of alloying RFe2 compounds with the sam
magnetostriction sign but with the opposite signs of th
anisotropy constants K1 .2 Since then, pseudobinary system
of magnetostrictive compounds R12xRx8Fe2 ~R, R85rare
earths! have been intensively investigated in order to find
novel compound having a high magnetostriction at l
fields.3 For this purpose, it is important to find a magnet
strictive system with composition anisotropy compensati
Since the anisotropy constants K1 of PrFe2 and DyFe2 have
the same sign, Dy12xPrxFe2 used to be considered as a no
compensating system according to the Clark’s lowest or
theory.2 In this letter, we propose that in some systems, l
Dy12xPrxFe2 and its based compounds, the effects of
anisotropy constants K2 must be taken into account and w
succeeded in achieving the composition anisotropy comp
sating in a Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 system. The compo
sition anisotropy compensation in Dy12xPrxFe2 systems is
first predicted phenomenologically by a single-ion approa
and then realized experimentally by synthesizing the mu
component compounds Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93.

The easy magnetization direction~EMD! of DyFe2 lies
along ^100&,4 while that of PrFe2 lies along^111& at room
temperature, as proved by its Mo¨ssbauer spectrum.5 Based
on these experimental results, the anisotropy compensa
should be achievable in the pseudobinary Dy12xPrxFe2 sys-
tem. When both K1 and K2 are taken into account, the an
isotropy compensating is attained in Dy12xPrxFe2 , as indi-
cated by the following calculation.

According to the single-ion approach, the magnetocr
talline energy of Dy12xPrxFe2 at room temperature
Ea(Dy12xPrx) can be phenomenologically expressed by6
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where Ea(R) indicates the anisotropy energy of RFe2 ,
K1(R), and K2(R) are the anisotropy constants of RFe2 , and
a i is the direction cosines of the direction of magnetizati
with respect to the cubic axes. At room temperature, only1

and K2 are taken into account is acceptable6

Ea~Dy12xPrx!5@~12x!•K1~Dy!1x•K1~Pr!#~a1
2a2

2

1a2
2a3

21a1
2a3

2!1@~12x!•K2~Dy!

1x•K2~Pr!#~a1
2a2

2a3
2!, ~2!

hence,

K1~Dy12xPrx!5~12x!•K1~Dy!1x•K1~Pr!, ~3a!

K2~Dy12xPrx!5~12x!•K2~Dy!1x•K2~Pr!, ~3b!

because K1(Pr).0 and K1(Dy).0, K1(Dy12xPrx).0. If
the EMD of a compound Dy12xPrxFe2 lies along^111&, one
needs7

K2~Dy12xPrx!

K1~Dy12xPrx!
,29. ~4!

Then one gets the condition for the composition anisotro
compensation

9K1~Dy!1K2~Dy!5x•@~9K1~Dy!1K2~Dy!!

2~9K1~Pr!1K2~Pr!!#. ~5!

It was found that at room temperature, the EMD of PrFe2 lies
along^111&,5 while that of DyFe2 lies along^100&,4 and thus
one has
4 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



tin
s

en
nt
d
a

0,
o
ri

or

h-
in
si

e
rd

of

-
al

s
e

ith

een

.
r

mi-
the
the

ce
r

Cu

ir
fter
re
ned

he

is
.

on-

-

2665Appl. Phys. Lett., Vol. 82, No. 16, 21 April 2003 Ren et al.
9K1~Pr!1K2~Pr!,0, ~6a!

9K1~Dy!1K2~Dy!.0, ~6b!

from which one shows that

0,x,1. ~7!

This means the composition anisotropy compensa
can be reached in Dy12xPrxFe2 , depending upon the ratio
of K1 to K2 . But the anisotropy of PrFe2 is so small that the
compensating point must be at the range of high Pr cont
Unfortunately, PrFe2 cannot be synthesized at ambie
pressure.8 In this letter, a certain amount of Tb is introduce
to compensate the partial anisotropy of Dy, and a sm
amount of B is used to stabilize Pr in RFe2 .

All polycrystalline samples of Tb0.2Dy0.82xPrx
3(Fe0.9B0.1)1.93 with x50, 0.10, 0.20, 0.30, 0.40, 0.50, 0.6
and 0.70 were prepared by arc melting the appropriate c
stituent metals in a high purity argon atmosphere. The pu
of the constituents was 99.9%~Tb, Dy, and Pr!, 99.8%~Fe!,
and 99.5%~B!. The ingots were homogenized at 700 °C f
seven days in an argon atmosphere. X-ray diffraction~XRD!
data were recorded at room temperature with CuKa radia-
tion in a Riguku D/max-2500pc diffractrometer with a grap
ite monochromator. In order to investigate peak splitting
duced by the spontaneous magnetostriction, a high-preci
step scanning was performed for~440! peaks of XRD. The
magnetostriction coefficientl111 was determined after th
effect of theKa2 radiation was removed with a standa
method.9

XRD patterns of homogenized samples
Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys are shown in Fig. 1. It is
seen that the Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys with 0<x
<0.4 are essentially single cubic Laves phases with
MgCu2-type structure. Whenx50.5, the alloy consists pre
dominantly of the cubic Laves phase in which a sm
amount of excess rare earth Pr, Dy, and Nd2Fe14B-type phase
present. The amount of the cubic Laves phase decrea
while that of rare earth and Nd2Fe14B-type phase increas

FIG. 1. XRD patterns of homogenized Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys.
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with increasing nominal Pr content, when 0.5<x<0.7. The
Nd2Fe14B-type and cubic Laves phases coexist, together w
a small amount of excess rare earth whenx50.7. Whenx
50.8, the Cubic Laves phase disappears. This rule has b
found also in similar systems of alloys Tb12xPrxFe1.93B0.15,
Dy12xPrx(Fe0.9B0.1)1.93, and Tb0.15Dy0.852xPrx(Fe0.9B0.1)1.93

whenx50.8.10 No traces of the PuNi3-type phase is found in
all the alloys studied because of the introduction of boron11

The Pr composition dependence of the lattice parametea,
for Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 Laves phase, is shown in
Fig. 2. The lattice parameter increases with increasingx, due
to the bigger radii of the Pr31 ion. The increase in the lattice
parameter becomes less pronounced when 0.5<x<0.7 indi-
cating that Pr content in Laves phase is lower than its no
nal composition of the corresponding alloy because of
appearance of other Pr-containing phases according to
phase equilibrium conditions. But it is noticed that the latti
parameter still increases up tox50.7. This suggests a P
solubility limit in the range of 0.5<x<0.7 in the multicom-
ponent Laves phase.

Some alloys in powder form were step scanned with
Ka radiation at the ~440! line of Tb0.2Dy0.82xPrx
3(Fe0.9B0.1)1.93 cubic Laves phase, in order to study the
EMD and spontaneous magnetostriction. XRD spectra a
deduction ofKa2 with a standard method for the alloys a
shown in Fig. 3. The EMD of Laves phase can be determi
by the method of Dwight and Kimball.12,13 In Fig. 3 the
~440! line of the Laves phase is a single peak for t
Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys with 0<x<0.3. This
means that the EMD lies along^100& axes. Only a tiny crys-
tal structure distortion originating from magnetostriction
realized (l100'0) and XRD splittings are not observed
Nevertheless, the double splitted~440! lines of the Laves
phase are clearly observed in the alloys with 0.4<x<0.7.
This indicates the EMD lies alonĝ111& axes and a large
rhombohedral distortion occurs due to magnetostriction, c
tributing to a large splitting of the~440! XRD line. In the
Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93alloys, the Tb content keeps in

FIG. 2. Pr composition dependence of lattice parametera of the cubic Laves
phase in Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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variant. The change of the EMD is determined by the cont
change between Pr and Dy. This indicates that the anisot
of PrFe2 and DyFe2 can compensate with each other, in co
respondence with the theoretical analysis earlier. The an
ropy compensation point must be in the range of 0.3<x
<0.4. The magnetostriction coefficientl111 of the Laves
phase which the EMD lies alonĝ111& can be calculated
from the double split distance of the~440! lines.11,14As plot-
ted in Fig. 4,l111 monotonically increases from about 120
ppm withx50.4 to about 1800 ppm withx50.7. According
to the discussion of the lattice parameter earlier, the Pr c
tent in Laves phase still increases~although it is lower than
its nominal composition! in this composition range. We con
clude that thel111 of Pr(Fe,B)2 Laves phase is larger tha
that of the Dy(Fe,B)2 Laves phase. According to single-io
model, the magnetostrictionl111 is determined by the anisot
ropy of the rare earth ion, thus PrFe2 should have a large
l111 than DyFe2 . Thel111 of DyFe2 is 1260 ppm as extrapo
lated by Clarket al. from Tb12xDyxFe2 compounds.15 Atten-
tion should be paid to the Tb0.2Dy0.4Pr0.4(Fe0.9B0.1)1.93 alloy
that has a large magnetostriction (l111'1200 ppm) and a
low anisotropy because it is very near the composition co
pensating point in the Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 series.
Furthermore, the Laves phase is essentially single phas
the alloy containing 40 at. % light rare earth Pr, which
cheaper than the heavy rare earth Dy or Tb.

In conclusion, the composition anisotropy compensat
in Dy12xPrxFe2 systems is first proved phenomenologica
by a single-ion approach and then realized experiment
by synthesizing the multicomponent compoun

FIG. 3. Profiles of the ~440! line of the cubic Laves phase in
Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys.
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Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93. The single Tb0.2Dy0.4Pr0.4

3(Fe0.9B0.1)1.93 Laves phase synthesized by melting a
consequently annealing has large magnetostriction and
anisotropy. It may be a good practical magnetostriction m
terial also because a large amount of cheap Pr can be
for replacement of expensive Dy or Tb. It has been predic
from the results of Tb0.2Dy0.82xPrx(Fe0.9B0.1)1.93 alloys that
l111 of PrFe2 should be larger than that of DyFe2 .
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