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NANOSTRUCTURE AND MAGNETOSTRICTION IN NOVEL
DSCONTINUOUS Terfecohan/YFe EXCHANGE-SPRING TYPE
MULTILAYERS

Do Thi Huong Giang, Nguyen Huu Duc', Pham Thi Thuong

'ryogenic Laboratory, Department of Physics, College of Sciences - VNU

MArstract. Sputtered Tb(Fe, ..Co, ), /Y Fe,  multilayers (0 < x < 0.2) with a
Ty eCo layer thickness tp,., = 12 nm and YFeCo layer thickness ty., = 10 nm
h:ve been studied by means of the X-ray diffraction (XRD), high-resolution
trinsmission electron microscopy (HR-TIEM), conversion electron Mossbauer
sjectrometry (CEMS) and magnetostriction investigations. The results show
thtat nanocrystals are naturally formed and coexist within an amorphous matrix
n Y, Fe,, layers. For this discontinuous exchange-spring multilayers, a
parallel magnetostrictive susceptibility z,, as large as 29.4x10* T', which is
almost half of that (79.6x10° T'") of the Metglas 2605SC, was achieved.

1. Introduction

Nagnetostrictive materials are transducer materials (as well as piezoelectric
and shaipe memory ones), which directly convert electrical energy into mechanical
energy They are useful in the manufacture of microactuators as well as
microsensors [1-3]. The performance of microactuators is primarily determined by
the value of the magnetostriction (4), which i1s the dimensional change resulting
from the orientation of magnetization from one direction to another. The
performance of microsensors, however, depends rather on the value of the (parallel)
magnctostrictive susceptibility, y;, = d4,/dB, which represents the magnetostrictive
response to an applied field. For these applications, transducer materials in the
form of thin films are of special interest because cost-effective mass production is
possible, compatible to microsystem process technologies.

Most papers concerning giant magnetostriction published in the last decade
have been devoted to rare-earth based films and multilayers. As a tradition, various
attempts have been mainly focused on amorphous Terfenol (a-Tble,) and Terfenol-D
(a-ThDvFe,) alloys (Ter for Th, D for Dy, fe for Fe and nol for Naval Ordnance
Laboratory, where these alloys were discovered) [4]. In the amorphous state,
however, it is strongly preferable to substitute the iron by cobalt, because the
amorphous alloys are near the composition a-TbCo.,, that presents higher ordering
temperatures and higher magnetostriction than the equivalent Fe-based alloy [5].
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Because of the important role of the “Laboratoire Louis Néel” (Grenoble, France) in
their development, we have proposed to refer to the a-TbCo,, as “a-Terconéel” by an
obvious analogy to Terfenol. In fact, the magnetostriction has been optimized in a
series of thin films of the type a-(Tb,Dy)(Fe,Co), (a-Terfeconéel-D) [6,7]. Ir. Hanoi,
we have developed the amorphous Th(Fe, ;,Co, ;) ; film (named a-Terfecohan, here
han means Hanoi, i.e. the capital where studies of this composition have been
carried out [6,7]). Still better performances were obtained on magnetostrictive
spring-magnet multilayers, where the saturation field of the magnetostrictive a-
TbDyFeCo phase 1s lowered by increasing the average magnetisation through
exchange coupling with the soft-magnetic FeCo layers [2,3 and refs. therein].

The conventional multilayered concept is usually associating magnetic hard
with soft layers, which are structurally homogeneous in either crystalline or
amorphous state — named as continuous exchange-spring configuration. In this
case, magnetization reversal 1s thought to be nucleated within the soft layer at low
applied field and propagates from the soft layers into the magnetostrictive layers
[8,9]. The nucleation of reversal usually occurs at defect points on the sample
surface and at interfaces. In this context, one expects that the reversal can be
easier nucleated in discontinuous soft phase, i.e. in layers in which the FeCo
nanograins are embedded within a non-magnetic matrix. The 1dea to prepare this
novel discontinuous exchange-spring type multilayer was applied for
‘Terfecohan/YFeCo} multilayers by using the bottom-up approach [6]. In this paper,
we report a direct approach to obtain the naturally formed nanostructure by
controlling the Y-concentration in {Terfecohan/Y Fe, . multilayers, that shows a
great potential to optimize both large magnetostriction and large magnetostrictive
susceptibility.

2. Experimental

{TerfecoHan/Y Fe, .}, multilayers with x =0, 0.1, 0.2, n = 50 and the individual
layer thicknesses t,p.co = 12 nm and ¢y, = 10 nm were fabricated by rf-magnetron
sputtering at the Center for Materials Science (College of Natural Science, VNU).
Composite targets were consisted of segments of different elements (here Tb, Y, Fe,
Co) (fig. 1a). The typical plasma image for sputtering power of 200 W and the Ar
pressure of 10* mbar is showed in fig. 1b. The substrates were glass microscope
cover-slips with a nominal thickness of 150 um. Both target and sample holders
were water-cooled.

The crystal structure of samples were studied by X-ray diffraction using the
D5005 Siemens with a cooper anticathode. The sample nanostructure was
investigated using high-resolution transmission electron microscopy (HRTEM) at
the Institute of Physics, Chemnitz University of Technology (Germany). The
conversion electron Madossbauer spectrometry (CEMS) was recorded wusing a
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conventonal  spectrometer equipped with a  homemade helium-methane

proportonal counter. The source was a *’Co in rhodium matrix.

Fig 1. Composite Terfecohan taget (a) and its plasma in RF sputtering (b)

The magnetostriction was measured using an optical deflectometer (resolution
of 5x10" rad), in which the bending of the substrate due to the magnetostriction 1n
the filnrs was determined.

3. Experimental results and discussions

3.1. Nanostructure

The X-ray 0-20 diffraction results of the investigated Terfecohan/Y Fe,
multilayers are shown in fig. 2. One observes a narrow and large intensity
diffraction pick at 20 = 45° in the x = 0 sample, characteristics of the (110)
reflections of bee-Fe. No other diffraction peaks are observed indicating that the
Terfecohan layers are amorphous. The intensity of the (110) reflection pick 1s
strongly reduced for x = 0.1. This is attributed to the formation of bece-Fe
nanograins. Finally, the (110) reflection almost disappears at x = 0.2 reflecting the
fact that the whole multilayer is now amorphous. The corresponding electron
diffraction patterns (fig. 3a-c) reinforce further the conclusions of the X-ray
analysis. The amorphous state existing in Terfecohan layers is characterized by the
(typical) first bright spread ring from the inside diffraction spot, whereas the other
rings, which are characteristics of the Y Fe, layers, exhibit drastically different
behaviours with the variable Y-concentration. They are almost complete sharp rings
for x = 0 (fig. 3a) and spotty rings for x = 0.1 (fig. 3b) indicating the crystalline state
of Fe lavers and the nanocrystalline state of the Y, ,Fe,, layers, respectively. For x
= 0.2, these rings become spread (fig. 3c) that evidence for the amorphous state of

Y, .Fe, slayers.

A periodic stripe structure of smooth and unsmooth layers in HRTEM-cross-
sectional micrograph viewed in Fig. 4a is a good evidence for the multilayered
structure of continuous (amorphous) Terfecohan layers and discontinuous
(nanocrystalline) Y, ,Fe,, layers. Dark spots observed in unsmooth stripes are
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noticeable with an average size of the stripe thickness. They are attributed to bee- -
Fe nanograins with an average diameter of about 10 nm. These nanograins are
considered as the origin for the weak X-ray diffraction peak and bright spots in the
clectron diffraction patterns already mentioned above in fig. 2 and 3b. Similar
behavior was observed for {Terfecohan/Y, (Fe,Co), ! multilayers [8]. For x = 0.2,
however, the amorphous state results in a periodic, smooth and homogenous stripe
structure, see fig. 4b.
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Fig 4. The brlght field high resolution TEM-cross- qectlonal lnlclo”raphs of
Terfecohan/Y Fe, . multilayers: (a) x = 0.1 and (b) x =
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Tae transformation of the amorphous state can be associated to the reduction
of the thermodynamic driving force for crystallisation caused by the Y substitution
in the Y.Fe,. layers. Similar behaviour was previously reported for evaporated
7. Fe,  films [10]. In ref. [10], it was found that the amorphous Fe phase 1s only
stable 1t small thickness and the crystallisation sets in if the thickness exceeds a
critical value of about 2 nm. The critical thickness can, however, reach a value of 30
nm in the FegZr- film evaporated on Zr base layers. In general, it is possible to note
that the transformation of the amorphous state of e 1s shown to be depended on
the rarc-earth (R and/or Y) concentration. The nanostructure can be naturally
formed in as-deposited (R)Y)Fe layers at a critical (R,Y)-concentration (x.) only.
Here x. ~ 0.1. Further increasing rare-earth content stabilizes the amorphous
state. This is the reason that the Terfecohan phase with high Tb-concentration (xy,,
= 0.4) always exists in the amorphous state in all investigated samples.

3.2. Mossbauer spectra

Fig. 5 presents the CEM spectra for the as-deposited Terfecohan/Y Fe,.
multilayers. For x = 0, the magnetic sextet of bee-Fe is prominent in the Mossbauer
spectra (fig. 5a). The lines of the sextet are broadening and a paramagnetic
contribution occurs in the x = 0.1 sample (fig. 5b) and finally, the paramagnetic
contribution becomes prominent for x = 0.2 (fig. 5¢). The spectra have been fitted
with a wide contribution of hyperfine field to taken into account all the
environments experienced by Fe? nuclei. The obtained hyperfine field distributions
P(B,,) arc included in figure 5. FFor x = 0, the P(B,) can be distinguished with two
almost separated components: (1) the low hyperfine-field component with an
average value of <B,,> = 22 T and (i1) the high hyperfine-field with <B,> = 32.5 T.
Takine in to account the fact that the P(B,) of the bee-Fe is characterised by a peak
at B,, = 324 T. the observed low hyperfine-field ferromagnetic phase can be
attributed to the a-Terfecohan phase. Indeed, a value of <B,> = 22 T was reported
for single Terfecohan layer film [11]. In addition, it is also able to estimate the Fe
fractions. which are of 30 % and 70 % in the Terfecohan and Fe layers, respectively.
This is in good agreement with those of 28.6 % and 71.4 % deduced for the Fe
concentration in the two corresponding layers. For x = 0.1 (fig. 5b), the low
hyperfine-field ferromagnetic component with <By> = 22.5 T almost remains with
fraction A, = 30.5 %. The fraction of the high hyperfine-field ferromagnetic
component (with <B,> = 31.5 T) , however, is reduced Ay, = 54 %) and an
additional paramagnetic component with <B,> =4 T and A, = 5.5 %, has occurred.
The measure of the By, is in agreement with the formation of the Fe nanograins.
The hieh hyperfine-field ferromagnetic fraction almost disappears in the x = 0.2
sample (see fig. 5c¢). For this sample, the major ferromagnetic contribution
distributes in a broad hyperfine-field range with a maximum at By, = 22 T and a
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fraction A, = 65 %. P(B,,) shows a minor paramagnetic component with <B, > < 10
T and a fraction A | = 35 %.

Velocity (mmis)

s} 09%%,% o
°
S ) IR Y T
L] 5 10 15 20 28 Jo s @
0 - -
i °
15| e
c 3 | g
=} @ ’
a -
i) a | é
£ s 0.' e °
w

| °
a®ag000?
o A

e 5 10 15 0 25 30 35 a0
N

1.02

|
' s / L) |
9 ° |
(c) \ £ / .
) 95099 o
5 ! - i e ik . °l\
I i »‘»«J 0§ 10 15 20 28 30 385 a0

B (T)

Fig 5. CEMS and hyperfine-field distribution of as-deposited
Terfecohan/Y Fe, . multilayers

3.3. Magnetostriction

The magnetostriction was measured in magnetice fields up-to 0.4 T applied in-
plane, parallel and perpendicular to the long side of the sample giving 4, and 4,
respectively. The results of 4 (= 4, - 4,) are presented in fig. 6a for as-deposited
films. It is clearly seen that, for x = 0 and 0.1, the magnetostriction is well
developed with a rather large magnetostrictive susceptibility at low fields, reaches
a maximum and finally decreases at high fields. The observed negative contribution
to magnetostriction is related to the formation of an extended domain wall at
interfaces, which was already discussed elsewhere [12]. The magnetostriction of x =
0.2 sample is, however, rather difficult to saturate due to its perpendicular
anisotropy nature. Low-field parallel magnetostrictive susceptibility data are
presented 1in fig. 6b. The magnetostriction as well as low-field parallel
magnetostrictive susceptibility reach maximum values in x = 0.1 sample: 1 =
420x10° and y;, = 17.3x10* T"'. The magnetostriction obtained is comparable to the
value deduced from the data of the single-layer samples, e.g. A = 1080x10° in
Terfecohan [6.7]. For the x = 0.1 sample, the value of y;, is 4 times larger than that
of x = 0 and 2 orders larger than that of x = 0.2. This results directly from the low
coercivity mechanism proposed above. The (compressive) stresses existing in as-
sputtered films are released by low temperature annealing (at T, < 350°C for 1
hour). This leads to the change in the orientation of the magnetic easy axis and thus
enhances noticeably the saturation magnetostriction and low-field parallel
magnetostrictive susceptibility. This is clearly evidenced 1in fig. 7. For x = 0.1 sample, a
large saturation magnetostriction A = 720x10° but a low coercivity of 1.1 mT can be
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reached. Consequently, y,, achieves a maximal value as large as 29.7x10* T at
" u,H = 2.1 mT. The obtained y;, value is almost 30 times higher than that obtained
in Terfenol-D and 4 times higher than that obtained in multilayers by Quandt et. al.
[13.14]. In comparison with the magnetostrictive Metglas 26055C (y,, = 79.6x10* T,
the obtained y,, value is still lower [15], but the present sample shows much larger
magnetostriction. This spectacular result illustrates the significance of the
approach, which we have developed in view of optimizing both magnetostriction and
magnetostrictive susceptibility.
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Fig 6. Magnetostriction (a) and parallel magnetostrictive susceptibility hysteresis
loops (b) of as-deposited Terfecohan/Y Fe, ( multilayers
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Fig 7. Magnetostriction (a) and parallel magnetostrictive susceptibility hysteresis
loops (b) of 350°C-annealed Terfecohan/Y Fe, multilayers

4. Concluding remarks

In conclusion, we have described the direct approach to discontinuous
magnetostrictive exchange-spring multilayers, in which the nanostructure 1s
naturally formed in YFe soft layers by controlling the Y-concentration. This novel
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exchange-spring configuration opens an alternative route towards new high-
performance magnetostrictive materials that both large magnetostriction and large
magnetostrictive susceptibility can be combined. Furthermore, it provides a new

generation of exchange-spring magnetic configuration for studying fundamental
reversal mechanism.
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