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Abstract. Magnetic and magnetostrictive properties have been investigated for amorphous
(Tbp 27Dy0.73)(Fe;yCo—_y)2 thin films. An increase in the 3d magnetic moment and Curie
temperatures higher than 550 K due to the enhancement of T-T interactions (T = transition
metal) in substituted (Fe, Co) alloys were found. A well defined in-plane anisotropy is created
by magnetic field annealing for the Co-rich films. A large magnetostriction of 480 x 1076 was
developed in 1.8 T magnetic field and 350 x 10~° in low fields of 0.06 T for films with x = 0.47
after magnetic field annealing. The differing roles of Fe and Co atoms in the magnetization process
have also been investigated.

1. Introduction

Over the past few years there has been a growing interest in magnetic thin films with large
magnetostriction [1-3]. This interest is motivated by the potential such films show for use in
microsystems actuators.

R-Fe-based alloys (R = rare earth) offer the possibility to develop very large
magnetostrictions at room temperature. This is due to the highly aspherical 4f orbitals
remaining oriented by the strong coupling between R and Fe moments. In order to exploit this
property atreasonably low fields, itis essential to have low macroscopic anisotropy. A firstroute
to low anisotropy is by using cubic compounds in which the second order anisotropy constants
vanish. This is the case for the RFe, Laves phase compounds of which TbFe, (Terfenol), a
ferrimagnet with 7, = 710 K, is probably the best known [4], having A; = 1753 x 107°. The
anisotropy can be further decreased by substitution of Tb by Dy in these compounds. This is due
to Dy and Tb having opposite signs of the Steven’s §; coefficient and thus their contributions
to the fourth order anisotropy being of opposite sign. This leads to the magnetostriction, albeit
less than in pure TbFe,, being saturated in much lower fields. This is the case for the Terfenol-
D material, the crystalline (Tbg 7Dyo.73)Fe, compound, which has found many applications
as high power actuators.

An alternative route to low macroscopic anisotropy is by using amorphous materials. In
Fe-based amorphous alloys, both positive and negative exchange interactions exist [5], leading
to magnetic frustration in the Fe sublattice. In a-YFe alloys, this results in a concentrated spin
glass behaviour below room temperature. In a-RFe alloys, where R is a magnetic rare earth, the
additional contributions of R—Fe exchange and local crystalline electric field interactions lead
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to the formation of sperimagnetic structures [5]. The ordering temperatures are above room
temperature (7, = 410 K for a-Tbg 33Fep¢6 [6,7]). It is, however still rather low and is thus
detrimental to large magnetostrictions being obtained in such materials at room temperature.

Actually, with a view to obtaining large magnetostrictions in the amorphous state, it
is interesting to consider the equivalent a-RCo-based alloys. Although crystalline RCo,
compounds order below 300 K as the Co is merely paramagnetic [8], the amorphous state
stabilizes a moment on the Co sublattice due to band narrowing. These Co moments are
strongly ferromagnetically coupled. A sperimagnetic structure occurs as in a-RFe alloys but
the ordering temperature is now raised up to 600 K [7] for Tbg33C00 6. Recently we have
studied a-Tb,Co;_, and shown that large magnetostrictions of b7? = 300 x 107% at 300 K
are obtained for x ~ 0.33 [9, 10].

In general, however, R-Fe exchange energies are larger than the equivalent R—Co
interaction energies [11]. This arises from the fact that the Fe moment is significantly larger
than the Co one, while the R-T intersublattice exchange constant (T = transition metal) is
approximately the same for T = Fe and Co. In addition, the T-T interactions tend to be
stronger in (FeCo)- than in either Fe- or Co-based alloys [12]. This results in an increase
of T, for a given R:T ratio. The stronger R—FeCo exchange energies should then lead to an
enhancement of the R moment at room temperature and thus the magnetostriction in these
amorphous alloys.

In the present paper, we have studied the influence of the Fe:Co ratio on the magnetization
and magnetostriction of (Tbg 27Dy.73)(Fe;_Co,),. We have chosen a fixed Tb:Dy ratio of
1:2.7, the same as that of Terfenol-D. The motivation for this was that, if the local environment
in the amorphous state was the same as that in the crystalline one, a similar anisotropy reduction
could potentially be obtained. We have shown elsewhere that such an anisotropy reduction
can be obtained [13].

2. Experiment

The films were prepared by RF magnetron sputtering. The typical power during sputtering
was 300 W and the Ar pressure was 102 mbar. A composite target was used allowing a wide
range of alloys to be made in a controllable way without a large cost in materials. The target
consisted of 18 segments of about 20°, of different elements (here Tb, Dy, Fe, Co). These were
made by spark-cutting pure element discs. They were then assembled and stuck to a Cu sample
holder using silver paint. It was verified by RBS and XEDS measurements that no Cu and
Ag contamination had occurred. The target—substrate distance was 8 cm. The substrates were
glass microscope cover-slips with a nominal thickness of 150 um. Both target and sample
holder were water cooled.

The ratio of the deposition rates of R = Tb, Dy to T = Fe, Co is 0.85. Thus, for
the (Tbg.27Dyo.73)(Fe, Co), films made here, the Tb(Dy) and Fe(Co) concentrations could, in
principle, be varied in steps of about 14% and 9%, respectively. The resulting composition,
contamination and composition homogeneity were measured using XEDS and RBS analyses.
The thicknesses were measured mechanically using an alpha-step and a DEKTAK profilometer
and the sample mass was determined from the mass difference of the substrates before and
after sputtering. The typical film thickness was 1.2 um. X-ray 626 diffraction showed the
samples to be amorphous.

Samples were annealed at 150 °C and 250 °C for 1 hour under a magnetic field of 2.2 T in
order to relieve any stress induced during the sputtering process and to attempt to induce a well
defined uniaxial in-plane anisotropy. Subsequent x-ray 6—26 diffraction showed no evidence
for re-crystallization after annealing.



Magnetic and magnetostrictive properties in RT, films 7959

The magnetization measurements were carried out using a vibrating sample magnetometer
in fields of up to 8 T from 4.2 K to 800 K.

The magnetostriction was measured using an optical deflectometer (resolution of 5 x 103
rad), in which the bending of the substrate due to the magnetostriction in the film was measured.
This allows the magnetoelastic coupling coefficient of the film, b, to be directly determined
[14,15] using:

b o h% E; ]
Ly 6(1 +vy) M
where « is the deflection angle of the sample as a function of applied field, L is the sample
length, E; and v, are Young’s modulus and the Poisson ratio for the substrate which are taken
to be 72 GPa and 0.21 respectively. hg, hy are the thicknesses of the substrate and film
respectively. L was typically of the order of 13 mm.

b is proportional to the magnetostriction via Young’s modulus and the Poisson ratio of the
film. These cannot be reliably measured for thin films; however for comparison, we also give
values of A calculated using

5 o bd+vy)

Ey @

where E; and vy are Young’s modulus and the Poisson ratio for the film, taken to be 80 GPa
and 0.31 respectively. With the sample width of 3 mm, the error in this determination due to
clamping is therefore less than 2% [16].

We measured two coefficients at saturation, b and b, , which correspond to the applied
field, always in the film plane, being respectively parallel and perpendicular to the sample
length (i.e. the measurement direction). In addition, the perpendicular direction corresponds
to the easy axis induced after field annealing. The intrinsic material dependent parameter, b"-2,
(or A72) is just the difference by — by (or Aj — A).

3. Experimental results

3.1. Magnetization

Figure 1 presents the hysteresis loops for several as-deposited (Tbg 27Dy 73)(Fe;—xCoy)»
films at 4.2 K. In all samples, a large coercivity is observed and the magnetization does
not completely saturate even at 8 T. Such large coercive fields are typical of amorphous RT
alloys at low temperatures, where R is an non-S-state rare-earth. They are related to the strong
local anisotropy of the R atoms and the random distribution of easy axes present in such
sperimagnetic systems. The high-field susceptibility () is also typical of sperimagnetic
systems and is associated with the closing of the cone distribution of R moments as the field
is increased [9].

The coercive fields reach their highest value of 3.4 T for x = 0. With increasing Co
concentration, coercivity decreases rapidly down to about 0.5 T for 0.67 < x < 1.0 (see
figure 2(a)). xns also decreases with increasing Co concentration, to a minimum at x = 0.47
and then slightly increases with further increasing x.

In all cases, H, also decreases with increasing temperature (see the inset in figure 2(a))
while x; is strongly enhanced. This is due to the thermal decrease in the local anisotropy of
the R atoms which is more rapid than that of the exchange field. In figure 2(b), we present H,
at 300 K as a function of x. All the films are magnetically rather soft at room temperature and
there is a maximum in H, at x = 0.67.
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Figure 1. Hysteresis loops at 4.2 K for several (Tbg 27Dy0.73)(Fe|—,Coy )2 thin films.

The spontaneous magnetization values at 4.2 K and 300 K for the as-deposited
(Tbg 27Dyo.73)(Fe;—xCoy,), films extrapolated to zero field are shown in figure 3(a). At4.2 K
there is a maximum at x = 0.47 while at 300 K, within experimental errors, the magnetization
is independent of the Co concentration. This is in contrast with the behaviour observed for
the RT crystalline alloys (where R is a heavy rare earth) where M; shows a minimum in the
middle of the composition range due to the enhancement of the 3d magnetic moment [17].
In the amorphous case, however, an increase in M3, will close the sperimagnetic cone. The
maximum in M, at x = 0.47 reflects that, at low temperature, the enhancement of M, is
smaller than the associated increase in (Mg).

The thermal variation of the magnetization of these alloys is illustrated in figure 3(b) for
x = 0.67. It is characterized by a decrease of magnetization with increasing temperature
up to 420 K where there is a minimum in the measured magnetization. The magnetization
then increases with increasing temperature. This thermal variation of the magnetization is
completely reversible as measured by successive heating—cooling cycles between 425 K and
550 K, showing that the samples are still amorphous. This is also confirmed by subsequent
x-ray diffraction. The observed minimum represents the compensation temperature and an
ordering temperature higher than 550 K is expected for this alloy. This is consistent with
values previously reported for the a-RCo, [7]. A compensation temperature is seen here for a-
(Tb, Dy)Fe; unlike a-TbFe, due to the faster M p, 7, (T) decrease compared to M7, (7). Further
heating—cooling cycles between (320-650 K) and (320-720 K) show a large hysteresis showing
the importance of re-crystallization in this temperature range. However, this recrystallization
masks the true ordering temperature of the amorphous phase.

Samples were annealed at temperatures between 425 K and 525 K in an applied magnetic
field of 2.2 T. The field dependences of the magnetization before and after annealing are
shown in figure 4 for x = 1. For the as-deposited samples (1), the magnetization reversal
process is progressive and isotropic with a rather large coercive field. This property is often
observed in sperimagnetic systems where domains of correlated moments are formed due to
the competition between exchange interactions and random local anisotropy. These domains,
termed Imry and Ma domains [18, 19], are oriented more or less at random in zero field but
can be re-oriented under applied field.

After annealing, there are a number of clear differences in the magnetization process.
Firstly, the coercive field is strongly reduced. Figure 2(b) shows the coercive field as a function
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Figure 2. (a) Coercive field H, as a function of Co concentration at 4.2 K. The inset shows the
temperature dependence of H,. forx = 0.83. (b) Coercive field H, as a function of Co concentration
at 300 K: (1) the as-deposited films, (2) after annealing at 150 °C and (3) after annealing at 250 °C.

of composition before and after annealing. After annealing at 525 K, H, is less than 2 mT
for all compositions with only a slight maximum around the middle of the composition range.
Secondly, for this sample, there is now a well defined easy axis with an increased low field
susceptibility. These properties are characteristic of systems which show uniaxial anisotropy.
That such an anisotropy is induced by annealing suggests that a process of single ion directional
ordering [20] has occurred, in which there is a local reorientation of the Tb easy axes along
the field direction. The composition dependence of this uniaxial anisotropy is, however, more
complex and will be discussed further in connection with the magnetostriction data. The
field annealing also causes a reduction in x;y, indicating that the cone distribution of the Tb
moments is somewhat closed.
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Figure 3. (a) Variation of spontaneous magnetization as a function of x at 4.2 K and 300 K
for (Tbg27Dyo73)(Fej—xCoy ), thin films. (b) Thermal variation of the magnetization for
(Tbg.27Dy0.73)(Fe;—, Coy ), thin films for different heating—cooling cycles: (O) reversible part (1);
filled marks—irreversible parts (2 and 3): (A) 650 K-320 K and (@) 720 K-320 K.

3.2. Magnetostriction

In general, the comparison of the magnetoelastic coupling coefficient ) and b, (see section 2)
indicates clearly the anisotropy state of the sample. If the zero field state is fully isotropic, then
by = —2b, and if it is isotropic in the plane, then by = —b, [21]. For a well defined in-plane,
uniaxial system, magnetization reversal under a field, H, applied along the easy axis, occurs by
180° domain wall displacement. Neglecting domain wall contributions, no magnetostriction
is associated with this process. Thus b, should be zero and by = b2

The magnetostriction results are summarized in figure 6(a) across the entire composition
range. It is clear that the annealing affects very differently the Fe-rich alloys compared to
the Co-rich ones. For the Co-rich alloys, b increases significantly after annealing while
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Figure 4. Hysteresis loops for the (Tbg 27Dyg.73)Co2 (1) as-deposited film and (2) after annealing—
along induced easy axis and (3) hard axis.

b”°? remains virtually unchanged. For the Fe-rich alloys, we see the opposite effect in that
b2 increases significantly after annealing while b remains virtually unchanged. The largest
magnetostriction of 17-2 = 480 x 107° (in 1.8 T external field) and A = 250 x 107° (obtained
in very low applied magnetic fields of 0.06 T) is found in the middle of the composition range
at x = 0.47. These differences in anisotropy are also reflected in figure 6(b) which shows the
ratio of b to b, before and after annealing. Figure 5 shows this effect of annealing on the
magnetostriction for two alloys with x = 0.83 and x = 0. For x = 0.83 (see figure 5(a)),
we see that annealing increases the ratio of b to by while b”-? remains roughly constant.
This is due to the creation of an in-plane uniaxial anisotropy as seen from magnetization
measurements. In addition we see that this anisotropy is completely defined after annealing
at 425 K and is accompanied by a reduction in the saturation field. Subsequent annealing at
525 K simply further reduces the saturation field. For the x = 0 sample (see figure 5(b)), we
see a different behaviour. Before annealing, the approach to saturation is rather slow and the
ratio of by to b, indicates an initial anisotropy. After annealing, the saturation field is reduced
and this initial anisotropy is destroyed, leaving the sample almost isotropic. However, b?-
(measured at 1.8 T) actually increases after annealing.

4. Discussion

The magnetic properties of these alloys are rather complex but it is important to attempt to
understand them in order to better optimize the magnetostrictive properties of such alloys with
respect to potential applications. One of the main differences between the magnetic properties
of amorphous RT, alloys and their crystalline counterparts is the sperimagnetic distribution
of R and Fe moments in the amorphous case [13]. This sperimagnetic structure arises from
the competition between exchange interactions and random local anisotropy and leads to the
formation of domains of correlated moments known as Imry and Ma domains [18]. These
domains are oriented more or less at random in zero field and the macroscopic anisotropy
energy, which determines the coercive field, is an average of the random local anisotropy over
the volume of each domain [22]. This non-collinear magentic structure can also be described
in terms of a sperimagnetic cone, within which the Tb and Dy moments lie. The angle of the
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Figure 5. (a) Magnetostriction for x = 0.83 (1) as-deposited film, (2) annealing at 150 °C and
(3) 250 °C. (b) Magnetostriction for x = 0 (1) as-deposited film and (3) 250 °C.

cone is determined by the competition of the local anisotropy to the exchange energy. The
magnetostriction is very sensitive to changes in the R sublattice. At room temperature, the
maximum in magnetostriction at x = 0.47 indicates that the R sublattice undergoes some
changes as a function of x. This cannot be seen in the magnetization as a function of x. We
will now discuss this effect.

Assuming that the R moments have the same value as in the crystalline Laves phase,
we can estimate the magnetostriction of a sperimagnetic system with respect to a collinear
ferrimagnetic one using [9]:

y.2 _ 3372 2 1
b - Ebint (Olz> -3

where « is the direction cosine for each rare-earth moment with respect to the field direction

and b”>

¢ 18 anintrinsic magnetoelastic coupling coefficient (i.e. that of the collinear ferrimagnet).
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Figure 6. (a) Magnetostriction AV2 (1.8 T) and Ap (0.06 T) for the (Tbg27Dyo.73)(Fei—,Cox )2
as-deposited thin films (1, 1’), films annealed at 150°C (2, 2) and at 250°C (3, 3). (b) Ratio
by /b1 as a function of x before and after annealing.

Here, we take bl?/nzt = 127 MPa, the room temperature value of b”*? in isotropic polycrystalline
crystalline (Tbg 27Dy 73)Fe, [23]. Assuming a uniform probability distribution of easy axes
within a cone, and that the intrinsic value of R does not vary, we can deduce the characteristic
sperimagnetic cone angle, 6 as a function of x. Here, this gives values of between 48 and 53°
which are typical of those reported in the literature [5, 24]. This variation in 6 implies that there
is a variation in the average (Tb, Dy) moment as a function of x. Using M(7j,py) = 7.27 g, the
room temperature value in (Tbg 27Dyo 73)Fe; [4], we can deduce (M7ppy) = M(7ppy){@2), asa
function of x, and this is plotted in figure 7. From the measured magnetization data, we can now
deduce M3, as a function of x (figure 7). The values thus determined are in good agreement
with those found for M3, in ‘pure’ a-TbCo, and a-TbFe; alloys [6] at room temperature. This
indicates that there is an enhancement in M3, for the substituted a-R(Fe, Co), alloys and a
maximum is reached for x = 0.47 where there is sufficient Co to ensure good ferromagnetic
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Figure 7. Calculated variation of (Mg) and M3, from magnetostriction data as a function of x
(see text).

T-T coupling as well as sufficient Fe giving the larger magnetic moment. We have, of course,
neglected the variation in ordering temperature and hence intrinsic R moment value at room
temperature associated with such an enhancement of the T-T interactions. However, this
simple analysis illustrates the importance of considering the influence of the sperimagnetic
structure on the magnetostriction and the magnetic properties of such alloys.

An intriguing aspect in this study is the variation of the anisotropy state as a function
of T composition, before and after annealing. The comparison of b to b, is a useful tool
for understanding the role of Co in these alloys (figure 6(b)). For the Fe-rich alloys before
annealing, b /b, is large indicating a well defined initial in-plane anisotropy. However,
the magnetization measurements show that there is no in-plane anisotropy. After annealing,
by/by ~ 2 suggesting that the zero field magnetization state now is fully isotropic. These
two elements together imply anisotropy in the as-deposited state and that this is destroyed in
the annealing process. Note also that the as-deposited material is not completely saturated at
1.8 T, while after annealing saturation is achieved at around 1 T. This leads to the measured
increase in (b — b, ) at 1.8 T after annealing.

For the as-deposited Co-rich alloys, b;/b; ~ —1, i.e. the film has isotropic in-plane
magnetization. After annealing at 250 °C, b /b, varies from 4 to 10 (figure 6(b)), showing
that a well defined in-plane anisotropy direction has been induced. The origin of the differing
anisotropies in the as-deposited state is unknown, and further studies should be made. It has
often been noted that Fe-based RT compounds have a different anisotropy state compared to
their Co-based counterpart.

The annealing process, although efficient, still remains little understood. While we invoke
a single ion anisotropy as being at the heart of the process, it is more difficult to explain why
the results are so different for Co-based and Fe-based alloys.

We suggest two possible, but not unrelated, reasons for this difference. During the
annealing process, it is the local internal field that is responsible for the reorientation of the
R moments. The strongly ferromagnetically coupled Co sublattice is well ordered and acts
to orient the R sublattice in one direction, giving rise to the observed uniaxial anisotropy.
However, the Fe sublattice is magnetically sperimagnetic and is relatively unchanged by a
small external applied field. The external field is present to remove magnetostatically induced



Magnetic and magnetostrictive properties in RT, films 7967

1.0 L T T T T T T T T T T T T
i (Tbo.szyo.vs)( el-:cox)z 1
08 .
[ mx=00 ]
" [ ©ox=067 1
06 - -
,(i I ex=1.10 g 1
~ [ 1 eq.(3) ]
< gal 2 eq.(4) A1 4
02 | ]
00 L. T B
00 02 04 06 08 1.0

Figure 8. Experimental and theoretical relations between magnetostriction and magnetization (see
text) for amorphous (Tbg 27Dy0.73)(Fej—xCoy)> thin films.

domains. Therefore during the annealing process of Fe-based alloys the R atoms see arandomly
oriented local magnetic field while the Co-based alloys see a homogenoeus magnetic field.

The second possibility is that 7, increases going from Fe to Co. At the annealing
temperature, the Fe-based alloys are no longer magnetic while the Co-based ones are. This
variation is again due to the sperimagnetic nature of the amorphous Fe sublattice. Further
work must be carried out to clarify this area as it is important for a number of applications of
such materials.

We can further illustrate this variation in anisotropy by associating the field dependence of
the magnetostriction with different types of magnetization processes. For a system of randomly
oriented spin and random distribution of the domain walls, the magnetization process takes
place in two steps [25]. First, the motion of 180° domain walls leads to a magnetization of
M, without any contribution to the magnetostriction. In the second step, the spins rotate into
the direction of the applied magnetic field leading to the change of both magnetization and
magnetostriction.

For a uniaxial system with random distribution of easy axis, the value M, obtained
after complete wall motion is equal to M,,,,/2. The relation between magnetostriction and
magnetization is then given as [1]:

)"(H)/)"max - [ZM(H)/Mmax - 1]3/2- (3)

Alternatively, in the case where a unique easy axis exists, under the effect of the field,
when the magnetization rotates out of the easy axis, the magnetostriction is given by [25]

)‘(H)/}‘mux = [M(H)/Mmax]2~ (4)

The experimental values of A/A,,, are plotted as a function of M/M,,,, in figure 8.
The experimental data for the (Tb, Dy)Fe film are rather well described by equation (3). With
increasing Co concentration, the A /A4, versus M / M, curves shift towards the line described
by equation (4). This further confirms that the Co substitution is advantageous to the creation
of a well defined easy axis in this system.

5. Concluding remarks

In conclusion, we would like to point out that larger magnetostrictions are obtained in
amorphous (Tb, Dy)(Fe, Co) films as compared to their parent amorphous films of either
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(Tb, Dy)Fe or (Tb, Dy)Co. This has been explained in terms of an increase in the ferromagnetic
coupling strength within the (Fe, Co) sublattice [12]. In addition, a well defined uniaxial
anisotropy can be induced by magnetic field annealing for the Co-rich films.

It is well known that the substitution of Dy for Tb gives rise to an increase in the
magnetostriction at low magnetic fields, through the reduction of the saturation field. However,
this is also accompanied by a reduction in the saturation magnetostriction. In this study we have
shown that Co substitution, coupled with the effects of annealing, result in an enhancement
of both the low-field and the saturation magnetostriction. Thus we can expect a further
enhancement of the magnetostriction in these alloys by increasing the Tb concentration.
Indeed, we have obtained a giant magnetostriction of 17?2 = 1020 x 107® at 1.8 T with
A =585 x 10 at0.1 Tin amorphous Tb(Fe( 55C0¢.45)2 [13].
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