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The magnetic transitions and magnetic and magnetostrictive properties of Tb,Dy,_(Fe,3Co0p), (0.20<x
<0.40) compounds have been investigated. The spin-reorientation temperature Tgg decreases from above to
below room temperature, when x is increased from 0.25 to 0.40. The easy magnetization direction at room
temperature of the Laves phase lies along the (100) axis in compounds with 0.20<x<10.27, while it lies along
the (111) axis as 0.30<x=<0.40. The magnetocrystalline anisotropy constant K, at room temperature reaches
a minimum value at x=0.30, indicating it is near the composition for anisotropy compensation. The large
polycrystalline saturation magnetostriction \;=~ 980 ppm is observed for x=0.30, which can be ascribed to the
large magnetostriction coefficients A and Ajgg. Ajo9 has a value larger than 600 ppm for the compounds with
0.30=x=0.35, which can be attributed to the change of the filling of the 3d band due to Co substitution for
Fe. Tby 39Dy 70(Fe gCop.)> with a high magnetostriction and a low anisotropy is found to be a good candidate
material for magnetostriction applications. A detailed spin configuration diagram for Tb,Dy,_.(Fe3Co0g1)s
Laves phase around the composition for the anisotropy compensation is given, which should be a guide to

develop novel magnetostrictive materials for applications in this series.
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I. INTRODUCTION

For practical applications of magnetostrictive materials,
high strains at low fields are necessary so that a minimum in
anisotropy is required. The pseudobinary compound
Tbg 27Dy 73Fe, (Terfenol-D) was found to be such an excel-
lent material, owing to its large magnetostriction and its spin-
reorientation temperature (Tgg) near to room temperature.’
Thereafter, a large amount of research work has been done
on the substitution of other 3d metals such as Co, Ni, and Mn
for Fe in Terfenol-D, in an effort to further improve its mag-
netic and magnetostrictive properties.>® It was found that
Mn or Ni substitution for Fe causes a decrease of the Curie
temperature 7, while a small amount of Co substitution in-
creases the Curie temperature.z’5 Nevertheless, almost all of
these substitutions decrease the magnetostriction of
Terfenol-D at room temperature, resulting from the fact that
the substitutions change the spin-reorientation temperature
Tsr and increase the anisotropy of Terfenol-D. Usually, the
magnetocrystalline anisotropies of rare-earth ions are larger
than those of the 3d transition-metal ions in RFe, com-
pounds. The magnetocrystalline anisotropies of the RFe,
compounds are practically dominated by the rare-earth ions.
However, the magnetocrystalline anisotropy of Terfenol-D is
small due to the anisotropy compensation between Tb>* with
a negative anisotropy constant K; and Dy** ion with a posi-
tive anisotropy constant K;. Thus, it is reasonable that the
substitution of 3d-metal elements in Terfenol-D could con-
tribute significantly to its anisotropy.® It has been pointed out
that Co substitution increases while Mn substitution de-
creases the spin-reorientation temperature Tgg.*’ Consider-
ing the anisotropy nature of Tb** (decreasing Tsz) and Dy**
ion (increasing Tgg), Clark et al. deemed an improved mag-
netostrictive material containing Co could be formed, which
should have an optimum performance at room temperature.*
In fact, it is necessary to increase the Tb content in Co-
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modified Terfenol-D to maintain the spin-reorientation tem-
perature Tgqr near room temperature. It has been demon-
strated by Guo et al. that the composition for the anisotropy
compensation in Tb,_ Dy, (Fe,3Co,,), is shifted to the Tb-
rich side compared with Terfenol-D.® As is known, magne-
tostrictive materials containing more Tb content should have
a larger magnetostriction. However, Guo et al. did not ob-
serve a large magnetostriction around the composition for
anisotropy compensation in applied magnetic fields.® This
might be due to the fact that there were too few experimental
points so that the appropriate composition for the anisotropy
compensation was missing, since the magnetostrictive prop-
erties are very sensitive to the composition, especially the
Tb/Dy ratio.” Thus, a detailed investigation of the
Tb,Dy,_,(FeCoy ), alloys near the composition for aniso-
tropy compensation is crucial to develop new magnetostric-
tive materials for applications. In this work, the spin configu-
ration, magnetic transitions, magnetic properties, anisotropy
compensation, and magnetostriction of Tb,Dy,_,(Fe, sC0og,)»
(0.20<x=<0.40) compounds are investigated in detail. A
large magnetostriction induced by applied magnetic fields is
obtained, not only because of the small anisotropy led by the
anisotropy compensation among the different elements, but
also a large magnetostriction coefficient \;q, originating
from the change of the filling of the 3d-band system due to
the Co substitution for Fe. Tbg 30Dy 70(FeqsCop2), com-
pound with a high magnetostriction and a low anisotropy is
found to be a good candidate material for magnetostriction
applications.

II. EXPERIMENTAL PROCEDURES

All polycrystalline samples of Tb,Dy,_.(Fe,3Coq,), al-
loys with x=0.20, 0.25, 0.27, 0.30, 0.32, 0.35, 0.38, and 0.40
were prepared by arc melting the appropriate constituent
metals in a high-purity argon atmosphere. The purities of the
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FIG. 1. (Color online) X-ray diffraction patterns of the

Tb,Dy;_,(Fey3C0o,), compounds for x=0.2,0.30,0.40.

constituents are 99.9% for Tb and Dy and 99.8% for Fe and
Co. The ingots were homogenized at 820 °C for 7 days in a
high-purity argon atmosphere. X-ray diffraction (XRD) was
implemented at room temperature with Cu K« radiation in a
Riguku D/max-2500pc diffractrometer equipped with a
graphite monochromator. In order to study the easy magne-
tization direction (EMD) and magnetostriction coefficient
N1, of the Laves phases, a high-precision XRD step scan-
ning was performed on powdered samples for the {440}
peaks of the Laves phase. The effect of the Ka, radiation
was eliminated by a standard process. The XRD peaks were
fitted by using the fitting function Pearson VII provided by
Jade 6.5 XRD analytical software (Materials Data, Inc., Liv-
ermore, CA). The temperature dependences of the ac initial
susceptibility were recorded by a superconducting quantum
interference device (SQUID) magnetometer to detect the
spin-reorientation temperature Tgg.'® Magnetization curves
at room temperature were measured by the SQUID magne-
tometer at fields up to 50 kOe. The magnetostriction at room
temperature was measured either parallel or perpendicular to
the applied field using a standard strain gauge technique.

III. RESULTS AND DISCUSSION

XRD analysis confirms that the homogenized samples of
Tb,Dy,_.(Feq sCop 1), (0.20<x=<0.40) alloys are essentially
the single (Tb,Dy)(Fe,Co), phases with a MgCu,-type cubic
structure over the whole concentration range investigated
(some examples are shown in Fig. 1). All the XRD peaks of
the compounds slightly shift to lower Bragg angles with in-
creasing Tb content, because of the increase of the lattice
constant due to the larger radius of the Tb ion. It is known
that spontaneous magnetostriction leads to crystal-structural
distortion of the compound with the cubic MgCu,-type
Laves structure when it is cooled down below its Curie tem-
perature. If the EMD lies along (111), a rhombohedral dis-
tortion caused by magnetostriction will occur; if the EMD
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FIG. 2. (Color online) The profiles of the step-scanned {440}
XRD reflection of the Laves phase in Tb,Dy,_.(FegCoy,), alloys.

lies along (100), a tetrahedral distortion will occur. Usually,
these distorted compounds can be classified as a pseudocubic
structure, since their structures do not drastically change. The
indices {hkl} of the pseudocubic Laves phase are also in-
dexed in Fig. 1. Cullen and Clark suggested that the magne-
tostriction in RFe, Laves compounds is highly anisotropic.'!
A large magnetostriction exists when EMD is along (111),
but the magnetostriction is small when EMD is along (100).
Thus, the {440} reflection in the XRD pattern is doubly split
when EMD lies along (111), while it keeps a single peak
when EMD lies along (100).!>!3 In this work, the {440} XRD
reflection of the Tb,Dy,_,(Fe;3Cop,), compounds was step
scanned, in order to study EMD and spontaneous magneto-
striction. The profile of the {440} reflection, which was de-
duced from Ka, with a standard method, is represented in
Fig. 2. Each of the {440} reflections forms a single peak
when x=<0.27. Although the tetrahedral distortion caused by
magnetostriction is not as small as in the Co-free RFe, com-
pounds, it is still not large enough to be identified by XRD
(see the discussion thereafter), suggesting that the EMD of
the Laves phase in those compounds lies along (100). The
double splitting of the {440} reflection is observed when x
=0.30, indicating that the EMD of the Laves phase lies
along (111). The double reflections for x=0.30 change to a
single reflection for x=0.27, indicating that the composition
anisotropy compensation point at room temperature is in the
range of 0.27<x=0.30, within which the large rhombohe-
dral distortion disappears.

The magnetostriction of the Tb,Dy,_.(Fe,3Co,), com-
pounds was measured in the direction parallel and perpen-
dicular to the applied fields up to 12 kOe. Figure 3 represents
the polycrystalline magnetostriction A,=\;—\ ; as a function
of the external magnetic field at room temperature. It is ob-
vious that the saturation is not achieved for all compounds.
For isotropic polycrystalline materials, the saturation value
Ao, for N,=N\;—\ | was achieved by an approximate approach
for the saturation relation \,=\y,(1-a/H-b/H?), where a
and b are constants.'* The saturation magnetostriction \; was
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FIG. 3. (Color online) Magnetic field dependence of magneto-
striction N,(=\j—\ ;) for the Tb,Dy;_.(Fe¢Coy,), compounds.

obtained by the relation A;=2/3\,. The composition depen-
dence of the saturation magnetostriction A, is plotted in Fig.
4. It is found that there is an increase in the saturation mag-
netostriction with increasing Tb content. It is reasonable that
a Tb ion generates a larger magnetostriction than a Dy ion.

The magnetostriction coefficient \j;; of the Laves phase
in which the EMD is along (111) can be calculated by the
splitting of the {440} reflections, as shown in Fig. 2, by using
the following equation:'>:10

dyos — daod

A =2 (1)

_
dyos+ daoa

where d4o, and dyy; denote the crystallographic plane dis-
tances in pseudocubic indices (hkl). The XRD patterns for
both powder and bulk samples confirm that the grains are
randomly distributed in the polycrystalline samples. The
magnetostriction constant Ao, of the samples can be derived
from the relation \;=0.6\;;+0.4\ of polycrystalline ma-
terials with cubic structure.!” The Tb content dependences of
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FIG. 4. (Color online) Composition dependence of saturation
magnetostriction A\, and spontaneous magnetostriction Ay;; and N9
for Tb,Dy,_(FeygCoq»), compounds.
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FIG. 5. (Color online) Temperature dependence of the ac initial
susceptibility x,. of the Tb,Dy,_.(Fey3Co(,), compounds. The ar-
row indicates the spin-reorientation temperature 7sg.

the spontaneous magnetostrictions A;;; and A, of the com-
pounds are shown in Fig. 4. A\;; increases monotonously
with increasing Tb content, while \;q, enhances slightly for
x=<0.35 and decreases for x=0.35. Unlike Tefernol-D where
Noo<<Aqq. a relatively large N, larger than 600 ppm for
0.30=x=0.35, is expected, although it cannot be detected
directly by XRD. Obviously, the giant saturation magneto-
striction ;=980 ppm for x=0.30 and A= 1100 ppm for x
=0.32 can be ascribed to the large spontaneous magnetostric-
tion coefficients N, and \jq.

The atomic model based on the structure of the cubic
Laves phase well explained the anisotropy of magnetostric-
tion of RFe, compound.!! The relation \;;; >\ is valid for
almost all RFe, series. But the nature of Fe or Co in cubic
Laves compounds differs greatly. Fe has an intrinsic mo-
ment, whereas Co only has an induced moment. Levitin and
Markosyan'® and Gratz et al.'® investigated the magnetic and
the magnetoelastic properties of RCo, compounds and found
that both A;;; and Ay of all RCo, compounds investigated
possessed a large value at 0 K. Furthermore, \;; as a func-
tion of the rare-earth element followed well the theoretical
prediction based on the single-ion model, but A, did not
obey this prediction and almost held the value close to that of
GdCo,." It suggested that A, was contributed by Co instead
of the rare-earth element. A large value for Ay, was also
observed in RFe, compounds with Mn or Co substitution for
Fe.>®!* In Tb(Fe,_,Mn,),, except for a large Ay, a change
of the isomer shift was observed by Mdossbaur spectra, which
seemed to imply that the large A\, origins from the change
of the filling of the 3d band.>'® In our present work, 20 at. %
Co substitution for Fe changes the filling of the 3d band and
its nature, inducing the appearance of a large \ .

The temperature dependence of the ac initial susceptibil-
ity X, of the Tb,Dy,_.(Fe,5Coy,), compounds is shown in
Fig. 5. An anomaly is observed for each alloy with 0.25
=<x=0.40, corresponding to a spin-reorientation transition
from (100) to (111).*'0 This is consistent with the XRD re-
sults that the EMD of the Laves phase lies along (111) at
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FIG. 6. (Color online) The schematic diagram of the spin con-
figuration for Tb,Dy,_,(Fe;3C02)-(0.20<x=<0.40) compounds.
The circles, squares, and PS denote the Curie temperature, the spin-
reorientation temperature, and the paramagnetic state, respectively.

room temperature when x=0.30. No anomaly appears in the
temperature variation of y,. for the Tb,Dy, s(FeygCoq2),
compound below the maximum available temperature
380 K, since its spin reorientation should take place above
380 K.'” The schematic diagram of the spin configuration for
Tb,Dy,_(Feq3Cops)r (0.20<x=<0.40) Laves phase is
shown in Fig. 6, which is obtained from the collection of the
spin-reorientation temperature Tgg (anomaly temperature in
Fig. 5), the Curie temperature T, and the easy magnetization
direction EMD. The Curie temperature 7 increases with in-
creasing Tb content, because the Curie temperature of TbFe,
is larger than that of DyFe,. Compared with Terfeno-D (T,
=653 K), the Co substitution for Fe increases the Curie tem-
perature 7T and extends their operating temperature scope
with about 40 K. It can be seen from Fig. 6 that the spin-
reorientation temperature 75z decreases from 365 K for the
Tbg 15Dy 75(FeqsCop2), compound to 150 K for the
Tby 4Dy 6(FeysCog,), compound, when Tb content is in-
creased. The spin-reorientation temperature 7Tgr depends
upon the different ratio of Tb/Dy. This is because the Tb>*
ion has a negative anisotropy constant K; and the EMD of
TbFe, is along (111), while the Dy>* ion has a positive an-
isotropy constant K, and the EMD of DyFe, is along (100) in
the entire temperature range.'” Compared with the
Tb,Dy,_Fe, system, 20 at. % Co substitution for Fe in-
creases the spin-reorientation temperature 7gg and slightly
changes the composition for the anisotropy compensation at
room temperature to the Tb-rich side. This result is in agree-
ment with the previous reports.*3

The magnetic field dependence of the magnetization at
room temperature for the Tb,Dy,_,(Fe,3Co,), compounds
is shown in Fig. 7. The magnetization for all compounds
studied does not vary notably, owing to the fact that the
magnetizations at room temperature of TbFe, and DyFe, are
very close.?’ The magnetocrystalline anisotropy constant K,
of the Tb,Dy,_,(Fe, ¢Cog ), Laves compounds is determined
by simulating the M-H curves using the approximate law of
the saturation as follows:?!
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FIG. 7. (Color online) Magnetization curves and the magneto-
crystalline anisotropy constant K; at room temperature of the
Tb,Dy,_.(Fey3Coq,), compounds.

b
M=M5<1—%—E>+X,,H 2)
and the relation?!

2
LI o
105 oM,
where M, is the saturation magnetization, a and b are con-
stants, and Yy, is the susceptibility of the paramagnetic (par-
allel) magnetization process. u is the permeability of free
space. The Tb content dependence of the anisotropy constant
K, is shown in the inset of Fig. 7. The anisotropy constant K
decreases with increasing Tb when 0.20<x=<0.30, which
can be ascribed to the opposite signs of the anisotropies be-
tween Tb** and Dy** ions. The anisotropy constant K,
reaches its minimum at x=0.30, which is consistent with the
analysis of the XRD and the spin reorientation. The
Tby 30Dy 70(FensC0g 1), compound has a Tgg of 285 K, a
small magnetocrystalline anisotropy, and a large magneto-
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FIG. 8. (Color online) Composition dependence of the ratio
N\./K; for the Tb,Dy,_.(Fe;5Cog,), compounds.
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striction A, making it suitable for using a magnetostrictive
application at room temperature.

The composition dependence of the ratio \,/K; for the
Tb,Dy,_,(Fe;3Coy ), alloys is represented in Fig. 8. It can
be seen that every curve presents a peak at x=0.30 when the
magnetic field varies from 2 kOe to 12 kOe. This result fur-
ther confirms that the Tby 30Dy 70(Fe §C0g 2)» compound has
a good property for magnetostriction applications at room
temperature.

IV. CONCLUSION

In conclusion, 20 at. % Co substitution for Fe has a strong
effect on the magnetic and magnetoelastic properties of
the Tb,Dy,_,Fe, compounds. Both the Curie temperature and
the spin-reorientation temperature are increased by the Co
substitution. The EMD at room temperature of
Tb,Dy,_(Feq3Coy,), is in the (100) direction for x=<0.27
and changes to the (111) direction for x=0.30. The
spin  configuration diagram of Tb,Dy,_.(Fe;3Coy»),

PHYSICAL REVIEW B 75, 064429 (2007)

(0.20=x=0.40) Laves phase has been constructed using the
data for T, Tggr, and EMD. The Co substitution for Fe
changes the composition for the anisotropy compensation to
the Tb-rich side at room temperature. The large polycrystal-
line saturation magnetostriction is A;=980 ppm for the
Tby 30Dy 70(FensC0g 1), compound, which can be ascribed
to the large magnetostriction coefficients Ay, and \qg. The
tetragonal distortion Ay, has a positive value larger than
600 ppm for 0.30=<x=0.35, which is ascribed to the filling
of the 3d band due to the Co substitution for Fe. The poly-
crystalline compound Tbyg 30Dy 70(Fep 3C0p2)2 possesses a
high Curie temperature, low anisotropy, and good magneto-
strictive properties, which could make it good candidate ma-
terial for magnetostriction applications.
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