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Magnetostriction of Feg;Gajg oriented crystals™®
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The effect of the orientation on the magnetostriction in Feg; Gajg alloy has been investigated experimentally and

theoretically. The FegiGaig [001] and [110] oriented crystals were prepared and the magnetostriction was measured

under different pre-stress. The saturation magnetostriction of the [001] oriented crystal increases from 170x10~% to

330x10~% under the pre-stress from 0 to 50 MPa. The [110] oriented crystal has a saturation magnetostriction from
20x107% to 1401076 with the compressive pre-stress from 0 to 40 MPa. The magnetostriction of [001] and [110]
oriented crystals has been simulated based on the phenomenological theory. The domain rotation path has been

determined and the resultant magnetostriction calculated under different pre-stress. The experimental and simulated
results both show that the [001] oriented crystal exhibits better magnetostriction than [110] oriented crystal. The

enhancement of the saturation magnetostriction by the compressive pre-stress in the [110] oriented crystal is higher

than that in the [001] oriented crystal.
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1. Introduction

As a kind of smart material, the giant magne-
tostrictive TbDyFe alloys have been investigated in-

tensively and used widely.[' =7

However, its drawbacks
such as the brittleness, high cost, and low corrosion
resistance, have restricted its application to some ex-
tent. In recent years, FeGa alloys have drawn a lot
of interest due to their good magnetostrictive per-
formance in the low field and much better ductility
as compared with the well-developed giant magne-
tostrictive TbDyFe alloys.[8~19 The magnetostriction
anisotropy results in the strong dependence of the
magnetostriction on the orientations of the ThDyFe
magnetostrictive crystals, where [110] and [112] ori-
ented crystals exhibit excellent magnetostriction with
the value several decades higher than that in [001]
oriented crystals. To explain the magnetostriction
under pre-stress in the ThDyFe crystals with differ-
ent orientations, simulations of the magnetostriction
were extensively performed in TbDyFe alloys.[20—23]
As for FeGa alloys, two typical preferred orientations
are obtained in the oriented crystals, including [001]

9,24]

and [110] orientations.[%24 However, systematic inves-

tigation about the influence of the orientation on the

magnetostriction properties in FeGa magnetostrictive
alloys was rarely reported. In this paper, the mag-
netostriction of [001] and [110] oriented crystals in
Feg1Gayg alloy are studied experimentally and sim-
ulated based on a single domain rotation model. The
experimental and simulated results both show that
[001] oriented crystal possesses better magnetostric-
tion than [110] oriented crystal in FeGa alloys. The
enhancement of the saturation magnetostriction by
the pre-stress in the [110] oriented crystal is much
higher than that in the [001] oriented crystal.

2. Experimental

The starting elements iron and gallium with a
high purity of 99.9% were melted four times by arc
melting to prepare Feg;Gajg ingots. Then the ingots
were remelted and drop cast in the arc melting fur-
nace to obtain rods with a diameter of 7.0 mm. The
oriented crystals were prepared by directional solid-
ification using induction heating zone melting crys-
tal growth method at the growth rate of 20 mm/h,
and the optical floating zone melting crystal growth
method at the growth rate of 10 mm/h. The preferred
orientation along the axis was checked by x-ray pole
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figures obtained using Regaku D/Max 2200 PC x-ray
diffractometer. The magnetostriction was measured
by the standard strain gauge method. The compres-
sive pre-stress was applied by a gas pressure cell along
the axis of the rod during magnetostriction test. The
simulation was carried out by a self-written program

using Matlab software.

3. Results

In the induction heating zone melting crystal
growth furnace, the master rod of Feg; Gajg alloy was
put into an alumina crucible, and heated by the high
frequency induction coil wound around the crucible
with the melting zone length of about 10 mm. During
the growth, the molten part was pulled into the liquid

metal which is used as the cooling medium. Combin-
ing the induction-heated molten zone and liquid metal
cooling medium, a super high temperature gradient of
around 1000°C/cm was produced. The growth rate
was 20 mm/h. The grown crystal with a total length
of 100 mm was cut for x-ray diffraction measurement
and magnetostriction test. Figures 1(a) and 1(b) are
the pole figures of (001) and (110) planes, addressed
There is
only one strong peak in the centre of (001) pole fig-

on the cross section of the grown crystal.

ure. There are four symmetrical peaks about 45° away
from the centre of the (110) pole figure. Therefore,
the grown crystal produced by the induction heating
zone-melting crystal growth method possesses [001]

preferred orientation.

= &P
@ =

Fig. 1. The pole figures of FegiGajg oriented crystals with different orientations.

(001) and (b) (110) pole

figures of [001] oriented crystal, (c) (001) and (d) (110) pole figures of [110] oriented crystal

In the optical floating zone furnace, the rod was
appended and heated by four lamps around the sam-
ple, with the melting zone length of about 6 mm. The
melting zone moved upward with the movement of the
four lamps to realise the crystal directional growth.
The applied growth rate here was 10 mm/h. Com-

pared with the induction heating zone melting crystal

growth method, the optical floating zone furnace pro-
vided a much lower temperature gradient due to the
absence of cooling medium. The total length of the
crystal grown by the optical floating zone furnace was
about 80 mm. The x-ray pole figures confirmed [110]
preferred orientation in the crystal grown by the op-

tical floating zone furnace, as shown in Figs. 1(c) and
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1(d).
The tested structure shows only the A2 phase in
the grown [001] and [110] oriented Feg;Gajg crystal,
which is similar to that in the as-cast sample reported
previously.[?® No drastic difference of the structure is
detected for the [001] and [110] oriented crystals.
Figure 2 shows the magnetostriction of both [001]
and [110] oriented crystals. In the [001] oriented crys-
tal, the saturation magnetostriction increases from
170x107% with no pre-stress to 330x10~% under
50 MPa. While in the [110] oriented crystal, the satu-
ration magnetostriction increases from about 20x10~6
to about 140x107% with the compressive pre-stress
increasing from 0 MPa to 40 MPa.
tostriction curve under larger compressive pre-stress

The magne-

is also measured in the experiment, and it is found

that the saturation magnetostriction remains nearly
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unchanged when the compressive pre-stress is larger
than 50 MPa in [001] oriented crystal and 40 MPa in
[110] oriented crystal. It is apparent that the magne-
tostriction of [001] oriented crystal is much better than
that of [110] oriented crystal. The maximum satura-
tion magnetostriction of [001] oriented crystal is more
than two times as that of [110] oriented crystal. It is
also observed that the pre-stress enhances the satura-
tion magnetostriction of both [110] and [001] oriented
crystals to different extents. The maximum satura-
tion magnetostriction 330x107% is about two times
of that without pre-stress, about 170x107%, in the
[001] oriented crystal. However, the saturation mag-
netostriction is enhanced from 20x10~¢ without pre-
stress applied, to 140x107% under a stress of 40 MPa
in the [110] oriented crystal, being enhanced about 7
times by the pre-stress.
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Fig. 2. The tested magnetostriction in FegiGaig (a) [001] and (b) [110] oriented crystal.

4. Simulation

To explain the tested magnetostriction of the [001]
and [110] oriented Feg;Gajg crystals under different
pre-stress, a simulation based on the single domain
rotation model has been carried out by using the phe-
nomenological theory. The effect of the pre-stress on
the enhancement of the saturation magnetostriction is
also clarified by the simulation.

The domain rotation path is determined by the
energy minimum principle with increasing magnetic
field, and the magnetostriction is accordingly calcu-
lated. The free energy determining the domain ro-
tation path is composed of three kinds of energies,
including magnetocrystalline anisotropy energy FEj,

magnetoelastic energy E, and static magnetic energy
FEy, as shown in the detailed expressions below. In
the single domain rotation model, a whole sphere di-
vided into meshes is used to demonstrate the orienta-
tion of the magnetic domain, and every cross point on
the sphere denotes a possible magnetisation orienta-
tion in the magnetisation process. One neighbouring
energetic favourable point is picked up every time till
the domain is magnetised to saturation in the applied
magnetic field. In the single domain rotation model,
the domain wall movement is ignored and the crystal
is assumed to be perfect without defects and internal
stress.

The expression used for the simulation is listed

below.[22]
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The total energy F is expressed as
E=Ey,+E, + FEp, (1)

where the detailed expressions are as follows:

2
x

B, = Kl(aiaf/ + aia? + aiai) + Koo ozzaz, (2)

B, = —3\o00(aiy + oy, + a297) /2
—3)\1110(04;1;0[?,%%, + ayayyy. + QL0 YzYa)
+A1000/2, (3)

Exg = —pMgH cosf. (4)

Here «; denotes the direction cosine of the magnetisa-
tion with respect to the coordinate axes [100], [010],
and [001], K; and K, are the magnetocrystalline
anisotropy constants; -y; is the direction cosine of the
pre-stress with respect to coordinates, A1gop and Ai1q
are the magnetostriction coefficient along [100] and
[111] orientations, respectively; € is the angle between
magnetisation and applied magnetic field direction,
oMy is the saturation magnetisation.

The coefficient of magnetostriction A is denoted
as

A=A — A, (5)

where subscripts f and i refer to the final and initial
states, respectively.

For a cubic crystal, the magnetostriction A can be
expressed as follows:

A
= 3\ioo(a2 3 + i B + a2 —1/3)/2
+ 3)\111(04;5043/53651; + O‘yazﬂyﬂz + O‘za:cﬁzﬂ:c)a (6)

where f3; is the direction cosine of the measurement
direction with respect to the coordinate axis.

When the magnetic field and pre-stress are not
applied to the material, only the magnetocrystalline
anisotropy energy determines the initial domain posi-
tions. FeGa alloy has the easy axes along (100) crystal
directions, so the moment of every magnetic domain
stays in anyone of the six (100) orientations with equal
distribution in its initial thermal demagnetised state.
In the simulation, the magnetostriction is calculated
along a specific orientation. For the specific orienta-
tion considered, the different domains have different
angles with the orientation in the thermal demagne-
tised state. For the convenience of description, the
angle between the considered orientation and the do-

main moment direction is used to mark the different

magnetic domains. For the [001] orientation, the an-
gles between the magnetic moments and the orienta-
tion are 0°, 90° and 180°, so the domains are defined
as 0° domains, 90° domains and 180° domains respec-
tively. Similarly, if we calculate the magnetostriction
along the [110] orientation, the domains can be de-
fined as 45° domains, 90° domains and 135° domains,
respectively. The relationship between the magnetic
domains and the considered orientation is shown in
Table 1.

Table 1. Domain configuration of FeGa oriented crystals
with different orientations.

domain configuration
[100] [100] [010] [010] [001]  [001]
[001] 90° 90° 90° 90° 0° 180°
[110] 45° 135° 45° 135° 90° 90°

crystal axis

The simulation adopts the following intrinsic pa-
rameters. The magnetocrystalline anisotropy con-
stants for FegiGaig alloy are estimated to be K; =
1.96 x 10* J-m~3 and Ky = —4.78 x 10* J-m™3, by
fitting the experimental data given in Ref. [26]. The
saturation magnetisation M is 1.5 T,[*7 the mag-
netostriction 3/2A100 is 400x1076,[12] and the fitted
value of Ajq; for FegGayg alloy is 5x1076.112

Figure 3 shows the domain rotation path and the
corresponding magnetostriction curve for the [001] ori-
entation. When the magnetic field is applied along the
[001] orientation, only the 90° domains contribute to
the magnetostriction, while the 0° domains exhibit no
magnetostriction. The 180° domains can be reoriented
to become 0° domains by domain wall movement in
the applied field. Therefore the bulk magnetostriction
along the [001] orientation is calculated by multiplying
the magnetostriction of 90° domains and their volume
fraction. As shown in Fig. 3(b), the saturation mag-
netostriction of 90° domains is 400x1076. It is shown
in Table 1 that the ratio for the number of the differ-
ent magnetic domains is Nggo:Ngo:Nygge = 4 : 1 : 1,
where Nggo, Ngo and Nygge represent the number of
90° domains, 0° domains and 180° domains respec-
tively. Therefore the volume fraction of 90° domains
is 2/3. The simulated saturation bulk magnetostric-
tion along the [001] orientation is 267x10~° as shown
in Fig. 3(c).

The effect of pre-stress on the magnetostriction is
also simulated by considering the magnetoelastic en-
ergy. With increasing compressive pre-stress, the ini-
tial orientations of the magnetic domains will change

117504-4



Chin. Phys. B Vol. 19, No. 11 (2010) 117504

due to the change of the magnetoelastic energy. For
the [001] orientation, four 90° domains stay in the
perpendicular plane for the situation of no pre-stress.
However, it is found in the simulation that the 0° and
180° domains nearly do not rotate until the pre-stress
is increased up to a critical magnitude of 49 MPa. And
when the applied pre-stress is higher than the critical
value, the 0° and 180° domains will rotate strongly
to the perpendicular plane, and become 90° domains.
In this case, the volume fraction of 90° domains is
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100%, and the saturation bulk magnetostriction along
[001] orientation is enhanced to 400x10~¢ as shown
in Fig. 3(c).

curs at higher magnetic field, as compared with the

The magnetostriction jump effect oc-

situation of no pre-stress, due to the hindrance of ad-
ditional magnetoelastic energy resulting from the pre-
stress. When the pre-stress is increased continually
to even higher values, the saturation magnetostriction
remains unchanged, but the magnetostriction jump ef-

fect occurs at even higher magnetic field.
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Fig. 3. (a) Domain rotation path and (b) corresponding calculated magnetostriction curve of different single do-

mains,

For the [110] orientation, the magnetostriction
and the pre-stress effect are also simulated. As shown
in Fig. 4, the 90° domains rotate to the direction of
the applied field with a jump process, exhibiting the
The 45°
domain turns to the direction of the applied field grad-

saturation magnetostriction of 204 x 1076,

ually and its saturation magnetostriction is 4 x 1076,
while the 135° domains reorient to become the 45° do-
mains by domain wall movement in the applied field.
By summing up the contributions of all the domains,
the simulated saturation bulk magnetostriction for the

(c) calculated bulk magnetostriction curve in FegiGaig [001] oriented crystal.

[110] orientation is about 70x107%. When the pre-
stress is applied along the [110] orientation, it is found
by the simulation that nearly no rotation occurs of
the 45° domains until the pre-stress is increased to
a magnitude of 98 MPa. And when the pre-stress is
higher than the critical value, the 45° domains rotate
strongly to the perpendicular plane to become 90° do-
mains. In this case, the maximum saturation magne-
tostriction up to 204 x 10~° is exhibited for the [110]

orientation.
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Fig. 4. (a) Domain rotation path and (b) corresponding calculated magnetostriction curve of different single domains, (c)

calculated bulk magnetostriction curve in FegiGaig [110] oriented crystal.

5. Discussion

In the simulation of the magnetostriction, only
the axis orientation is needed to consider, which means
that the magnetostriction is calculated along a spe-
cific orientation. And the tested magnetostriction of
the oriented crystal is also determined along the spe-
cific preferred orientation. Therefore it is reasonable
to use the simulated results to describe the varia-
tion tendency of the magnetostriction of the oriented
crystals with different orientations under different pre-
stress. It can be found that the tendencies of the sim-
ulated and tested magnetostrictions are consistent in
the above [001] and [110] oriented crystals. The differ-
ence of detailed values can be attributed to the crystal
defects and internal stress existing in the real crystal,
which is neglected in the simulation.

The experimental and simulated results both
demonstrate the magnetostriction anisotropy indeed
exists in the FeGa crystal. The [001] oriented crystal
has a much higher saturation magnetostriction than
the [110] oriented crystal. Comparing the situations
in the measurement and simulation with and without

pre-stress, it can be also found that the enhancing
extent of the saturation magnetostriction by the pre-
stress for the [110] orientation is much higher than
that for the [001] orientation.

6. Conclusion

1) The tested saturation magnetostriction of the
[001] oriented crystal increases from 170 x 1076 to
330 x 107 as the pre-stress changes 0 to 50 MPa. The
[110] oriented crystal has a saturation magnetostric-
tion from 20 x 1076 to 140 x 10~° as the applied com-
pressive pre-stress changes from 0 to 40 MPa.

2) The magnetostriction of [001] and [110] ori-
ented crystals is simulated based on the phenomeno-
logical theory by determining the domain rotation
paths under the applied magnetic field and the pre-
stress.

3) The magnetostriction anisotropy is confirmed
by test and simulation for the FeGa oriented crystals.
The [001] oriented crystal possesses a higher satura-
tion magnetostriction than the [110] oriented crystal.
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