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Spin configuration and magnetostrictive properties of Laves compounds
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The spin configuration and magnetostrictive properties of Tb,Dy 7_Pry3(FeqoBg1)193 (0.10<x
<0.28) Laves compounds are investigated. The spin phase diagram for the compounds is
constructed to illustrate both the composition dependence of the Curie point 7. and spin
reorientation temperature Tsg and the arrangement for the easy magnetization direction (EMD). Tt
is found that when x is increased from 0.16 to 0.28, T~ increases from 617 to 623 K, while Ty
decreases from 375 to 160 K at which the EMD reorients from (100) to (I11) axis. The
magnetization and magnetostriction of the compounds are measured as a function of applied field.
The magnetocrystalline anisotropy constant K; and the ratio A\,/K; reach a minimum and a
maximum value at x=0.22, respectively. The single phase Tbg 2Dy 45Prg 3(Feg 9Bo.1) 1 93 compound
has the lowest magnetocrystalline anisotropy, the highest magnetostriction to anisotropy ratio, and
a large spontaneous magnetostriction \;;; of ~1500 ppm at room temperature. In view of these
properties, the compound is a promising magnetostrictive material. © 2006 American Institute of
Physics. [DOT: 10.1063/1.2219344]

I. INTRODUCTION compounds were synthesized by the addition of small
amount of boron as the stabilizing element.”® Besides, there
exists a large spontaneous magnetostriction and low magne-
tocrystalline anisotropy at room temperature in the com-
pounds with x~0.25. From the practical viewpoint, it is
really necessary to investigate in detail the influence of com-
position variation on the spin configuration, magnetocrystal-
line anisotropy, and magnetostrictive properties of the
compounds.9 As a good example, Tbg,;Dy,+3Fe, and
Tby 3Dyy7Fe, show significant differences in magneto-
crystalline anisotropy and magnetostrictive properties.10 It
is understood that Tgg is crucial for the realization of

The cubic Laves compounds (R,R')Fe, (R,R'=rare
earths), particularly the anisotropy-compensated
Tby 27Dy 73Fe, (Terfenol-D), have been widely used as ac-
tuators and transducers due to their giant magnetostriction
and low magnetocrystalline anisotropy at room
temperature.l’2 The low magnetocrystalline anisotropy in
Terfenol-D can be ascribed to its spin reorientation tempera-
ture 7Tgg near room temperature.3 The magnetocrystalline an-
isotropy vanishes at T, accompanying a reorientation of the
easy magnetization direction (EMD). It would be of consid-
erable benefit to applications if Tb and/or Dy could be totally

or partially substituted by low-cost, light rare earths while
competitive magnetostrictive properties could still be main-
tained. In this way, the light rare earth Pr is considered as a
good candidate due to the large magnetostriction exhibited
by PrFe, (5600 ppm) as compared with the TbFe,
(4400 ppm) and DyFe, (4200 ppm) compounds at 0 K, as
evidenced by the single-ion model results.* However, it re-
mains challenging to synthesize PrFe, at ambient pressure; in
fact, there is a real challenge to preparing Pr-containing com-
pounds with a single Laves phase if the Pr content exceeds
20 at. % of rare earth owing to the large radius of pr3+ .40
Recently, Tb,Dy,7_Pros(FeqoBg)193 cubic Laves
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good magnetostrictive properties. On the other hand, the
spin reorientation temperature needs to be near room tem-
perature as close as possible, loading to the small anisotropy,
which is important for practical application at low magnetic
fields. In addition, if the spin reorientation temperature were
too close to the room temperature, the spontaneous magne-
tostriction and the rhombohedral distortion would disappear
rapidly. In this paper, the spin configuration and magneto-
strictive properties of Tb,Dyq7_,Pros(FepoBo )93 Laves
compounds are investigated in detail, in the x range of 0.10
and 0.28 with a compositional interval Ax=0.03. The
Tby.22Dy0.48Pro.3(Feg9Bo.1)1.03 alloy showing optimized prop-
erties, which has a suitable spin reorientation temperature
Tqr=245 K, a large magnetostriction coefficient N\j;
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=~ 1500 ppm, and a low magnetocrystalline anisotropy con-
stant K; at room temperature, results to be a promising ma-
terial regarding magnetostriction applications.

Il. EXPERIMENTAL PROCEDURE

Polycrystalline samples of Tb,Dyg_Prys(FegoBg1)i.03
alloys with x=0.10, 0.13, 0.16, 0.19, 0.22, 0.25, and 0.28
were prepared by using an arc melting with the appropriate
constituent metals in a high purity argon atmosphere. The
purities of the constituents are 99.9% for Tb, Dy, Pr, and B
and 99.8% for Fe. The ingots were homogenized at 973 K
for seven days in a high purity argon atmosphere. X-ray
diffraction (XRD) technique was implemented at room tem-
perature with Cu K radiation in a Riguku D/max-2500pc
diffractrometer equipped with a graphite monochromator. In
order to study the EMD and magnetostriction coefficient \ |,
of the Laves phases, a high-precision XRD step scanning
was performed on powdered samples for the (440) peaks.
The effect of the Ka, radiation was eliminated. The XRD
peaks were fitted using the fitting function PEARSON VII pro-
vided by JADE 6.5 XRD analytical software (Materials Data,
Inc., Livermore, CA). The ac initial susceptibility tempera-
ture dependences were obtained using a superconducting
quantum interference device (SQUID) magnetometer to de-
tect the spin reorientation temperature TSR.11 Magnetization
curves, at room temperature, were measured by the SQUID
magnetometer at fields up to 50 kOe. The magnetostriction,
at room temperature, was measured either in the parallel or
perpendicular configuration to the applied field using a stan-
dard strain gauge technique.

lll. RESULTS AND DISCUSSION

It is well known that the minimum of the magnetocrys-
talline anisotropy frequently occurs at the spin reorientation
temperature Tqg with an accompanying magnetization rota-
tion. As for Terfenol-D, the EMD lies along the (111) axis for
temperature values greater than Tgg, while it lies along the
(100) axis for temperature below Tsg.”'> The ac initial sus-
ceptibility  temperature  dependence  x,.(7) of the
Tb, Dy 7_Pros(FegoBg 1) 193 alloys is shown in the Fig. 1. A
significant anomaly is observed in each alloy with 0.16=<x
=(.28, corresponding to a spin reorientation taking place
from (100) to (111).""'? Such anomaly does not appear in the
temperature variation of y,. for the alloys with 0.10=<x
=<0.13 below the maximum available temperature of 380 K,
since the spin reorientation of these alloys should take place
above 380 K.” The phase diagram of the spin configuration
for Tb,Dyj7_,Pro3(FegoBg1)193 Laves phases is plotted in
Fig. 2, which is obtained from the collection of the spin
reorientation temperature Tsg (anomaly temperature in Fig.
1), Curie temperature T, and easy magnetization direction
determined by Mossbauer spectra or XRD method.”*™'° The
Curie temperature T linearly increases as Tb content in-
creases, because the Curie temperature of TbFe, is larger
than that of DyFe,. The spin reorientation temperature 7gg
decreases from 375 K for the alloy with x=0.16 to 160 K for
the alloy with x=0.28, as Tb content is increased, which can
be ascribed to the EMD of TbFe, that lies along (111) in all
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FIG. 1. (Color online) ac initial susceptibility temperature dependence x,.
(T) of the Tb,Dy,_,Pry3(FepoBg1)1 03 alloys. (The arrow indicates spin re-
orientation temperature Tgg.)

the temperature range.9 Clearly, the Tb-rich alloy is suitable
for low temperature applications due to its low Tgz and an-
isotropy at low temperatures, whereas the Tb-poor alloy is
preferred for high temperature applications.

The magnetic field dependence of the magnetization at
room temperature of the Tb, Dy, 7_,Pry3(Fep 9B 1)193 alloys
is shown in Fig. 3. The magnetization for all the alloys stud-
ied does not vary notably, owing to the magnetizations of
TbFe, and DyFe, at room temperature are very close.'® The
magnetocrystalline  anisotropy constant K; of the
Tb, Dy 7_Pro3(FegoBg 1) 193 Laves compound is determined
by simulating the M-H curves using the approach to the satu-
ration magnetization law as follows:"’

a b
M=M, 1—;—; +X,H, (1)

and the relation'’
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FIG. 2. (Color  online)  Spin  configuration  diagram  of

Tb, Dy 7_Pry3(Fe 9By 1)1 .93 compounds. The squares and circles denote the
Curie temperature and the spin reorientation temperature, respectively. PS
represents the paramagnetic state.
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FIG. 3. (Color online) Magnetization curves and magnetocrystalline aniso-

tropy constant K, at room temperature of the Tb,Dy,7_.Pry3(Fe)oBg )03
alloys.
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where M, is the saturation magnetization, a and b are con-
stants, ,, is the susceptibility of the paramagnetic (parallel)
magnetization process, and u is the permeability of the free
space. The dependence of the anisotropy constant K; on the
Tb content x is shown in the inset of the Fig. 3. The aniso-
tropy constant K decreases with increasing Tb content when
0.10=x=0.22, then increases with a further increasing x.
The Tbg,Dyo4sPro3(FeqoBg 1)1 93 alloy has the minimum
magnetocrystalline anisotropy at room temperature, in con-
sistent with its Tgg=245 K, very near to the room tempera-
ture.

The magnetic field dependence of the magnetostriction
Ny(=Nj=\.) for the Tb,Dy;_Pro3(FegoBo)io3 (0.10=x
=<(.28) alloys is shown in Fig. 4. It can been seen that A, at
the maximum available magnetic field increases with in-
creasing x, which can be due to the increase of )\,1].7 The
magnetostriction A, for x=0.22 is found to be largest at rela-
tively low fields, owing to its lowest anisotropy correspond-
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FIG. 4. (Color online) Magnetic field dependence of the magnetostriction A,
(=Nj=\ ) for the Tb,Dyo7_Pro3(FegoBg1)1.93 alloys.
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FIG. 5. (Color online) Compositional dependence of the ratio A,/K, for the
Tb, Dy 7-.Pro3(Feg9Bo.1) 103 alloys.

ing to its minimum anisotropy constant K;. The composi-
tional dependence of the ratio M\,/K; for the
Tb, Dy 7_Pro3(FegoBo 1) 103 (0.10<x=<0.28) alloys is pre-
sented in Fig. 5. It can be seen that every curve presents a
peak at x=0.22 when the magnetic field varies from
1 to 12 kOe. The piezomagnetic coefficient dz; of
Tb,Dy.7_Pro3(FegoBo 1)1 93/€poxy composites was mea-
sured and it was found that the ds3 ., for x=0.22 is the
largest at relatively low fields."® These results also indicate
that the Tby 5Dy .4gPro 3(FeoBo.1)193 alloy has a good low-
field magnetostrictive property, which makes it a good can-
didate for magnetostriction applications.

The step-scanned (440) XRD line of the
Tb 2:Dy 45Pro 3(Feg 9B 1)1.03 alloy, which was deducted of
Ka, with a standard method, is represented in Fig. 6. The
solid line is experimental data. The dash lines are fitted XRD

lines, corresponding to the pseudocubic (440) and (440) line
of the compound with a rhombohedral distortion caused by
the magnetostriction. The (440) split line is consistent with
its EMD along the (111) direction.'*'* The dot line results to
be the sum of the two fitted lines. The spontaneous magne-
tostriction N ;; can be obtained from the fitted XRD lines
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FIG. 6. (Color online) The (440) XRD line and the fitted lines of the
Tby.22DY.45Pr0 3(FegoBy.1) 1 03 alloy.
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using the equation N;;=2(dys0—d4z0)/ (daso+dszo), Where
dyyy and dyj denote the crystallographic plane distances of
(440) and (440), respectively.7’8 For this case, the value of
the spontaneous magnetostriction Aj;; was calculated to be
1500 ppm. Summarizing the results above,
Tbo.2Dy 48P0 3(Feg 9Bo 1)1 93 alloy has good magnetostric-
tive properties, that is, a large magnetostriction and low an-
isotropy at room temperature, and it contains 30 at. % low-
cost Pr.

IV. CONCLUSION

In conclusion, the spin configuration and magnetostric-
tive properties of Tb,Dyg;_Pros(FepoBg )19z (0.10=<x
<(0.28) alloys have been investigated in detail. The Curie
temperature 7 increases, while the spin reorientation tem-
perature Tgg decreases as Tb content increases. The phase
diagram for the spin configuration of
Tb,Dy7_Pros(FegoBg 1)1 93 Laves phases has been con-
structed using the data of T, Tsg, and the results of EMD.
The magnetocrystalline anisotropy at room temperature de-
creases as Tb content increases and reaches a minimum
value at x=0.22. It is remarkable that, at the same composi-
tion, N,/ K, also exhibits a peak at different magnetic fields.
From these results and their analysis it can be concluded that
the  TbyDyo4sPros(FegoBoi)ios  alloy  with Ny
~ 1500 ppm results to be a very promising magnetostrictive
material for technological applications.
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