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We have analyzed the structural and magnetic properties of as-grown and annealed [TbFe,/Fe;Ga],
heterostructures grown by sputtering. Evidence of the bcc structure in the Fe;Ga layers has been
found. The diffraction peak related to this structure shifts to high angles with the annealing
temperature. Also, we have observed a change in the microstructure of the Tb-Fe layers when the
thickness layer is reduced in the as-grown heterostructures. Moreover, the Tb content is lower than
33% of the TbFe, Laves phase and it depends on the layer thickness. The thermal treatments
promote the increase of the Tb content, but only in the heterostructures with thick layers. The
strong lattice mismatch between the Tb-Fe and Fe-Ga layers seems to prevent a complete Tb
diffusion upon the annealing process. Thus, the crystallization of the TbFe, Laves phase is
inhibited in the heterostructures with thin layers, although our experimental results indicate the
presence of potential magnetostrictive TbFeGa alloys. © 2011 American Institute of Physics.

[d0i:10.1063/1.3626070]

. INTRODUCTION

In the past years, there has been an increasing interest in
magnetostrictive materials because of their great potential in
a variety of applications such as magnetic actuators or sen-
sors. The discovery of the magnetostriction increase of Fe
upon its doping with Ga (Ref. 1) boosted the investigations
of Fe,_,Ga, alloys. Advanced characterization techniques
have been used to analyze the strong correlation between the
microstructure and the magnetoelastic properties in this ma-
terial system.>”’ These studies have proved that it is essential
to precisely control the structural ordering in order to achieve
a magnetostriction constant (1) of around 400 ppm in crystal-
line and 280 ppm in polycrystalline bulk Galfenol sam-
ples.®? These high magnetostriction constants are achieved
in quenched samples with Ga contents of 19% and 28%.
However, the A of the Fe-Ga alloys is one order of magnitude
lower than that of crystalline TbFe,, the material with the
highest magnetostriction at room temperature, 2500 ppm.'®
The high coercivity of its crystalline phase, ~4 kOe, pre-
vents its use in industrial applications.'! However, Galfenol
has a much lower coercivity than TbFe,. Therefore, hetero-
structures consisting of a combination of both Fe-Ga alloys
and TbFe, appear to be promising candidates for the devel-
opment of a new era of magnetic sensors. Moreover, few
works have been devoted to the investigation of Fe; ,Gay
thin films.'>'® In a previous work, we studied the character-
istics of Tb,Fe,_ thin films.'” In this work, we analyze and
correlate the structural and magnetic properties of as-grown
and annealed [TbFe,/Fe;Gal, heterostructures.
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Il. EXPERIMENTAL TECHNIQUES

Samples were grown by a magnetron sputtering system
on glass substrates. In all of the heterostructures, the thick-
ness of the TbFe, and Fe;Ga layers is the same, ranging
from 12.5 nm to 200 nm. It has been necessary to adjust the
number of TbFe,/Fe;Ga bilayers (n) in order to achieve the
same total thickness (400 nm) in all of the heterostructures.
The Ar pressure was 2 x 10~ mbar during the growth of the
magnetostrictive layers, with a power of 120 W for the depo-
sition of the TbFe, and 100 W for the Fe;Ga layers. Mo
buffer and capping layers 20 nm thick were used to protect
the heterostructures against oxidation. They were grown
with a dc power of 90 W and at an Ar pressure of 2 x 10~°
mbar. The structural properties were determined by means of
x-ray diffractometry (XRD) using a Philips MPD system.
The magnetic measurements were carried out in a vibrating
sample magnetometer at room temperature. The temperature
dependence of the magnetization has been characterized by
means of SQUID magnetometry. Prior to measuring the tem-
perature dependence of the magnetization, the sample was
first cooled from room temperature to 5 K either under a sat-
uration field of 5 kOe (field-cooled [FC]) or at zero field
(zero-field-cooled [ZFC]). Then, FC and ZFC curves were
recorded with an applied magnetic field of 100 Oe during the
warming-up. Thermal treatments were carried out in Ar
atmosphere over 1 h in a temperature range between 300 °C
and 400 °C. After the annealing, samples were cooled down
at a rate of 20 °C/min.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

XRD measurements reveal the presence of diffraction
peaks of both cubic TbFe, and body centered cubic (bcc)
phases of Fe (a-Fe) (Fig. 1). The crystalline cubic Laves
phase is related to the large magnetostriction constant of
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FIG. 1. (Color online) X-ray diffractometry scans of as-grown heterostruc-
tures and heterostructures annealed at different temperatures. (a) [TbFe,(200
nm)/Fe;Ga(200 nm)]. (b) [TbFe,(12.5 nm)/Fe;Ga(12.5 nm)]¢.

2500 ppm at room temperature of the TbFe system. The
TbFe,(113) diffraction peak is observed in all of the hetero-
structures, regardless of the thickness and the annealing tem-
perature. Moreover, the heterostructures with thick layers
exhibit a diffraction peak that shows the presence of the
o-Tb phase [Fig. 1(a)]. In a previous work about the crystalli-
zation of TbFe,,!” we demonstrated that the formation of
this phase is closely related to an optimum crystallization of
the TbFe, Laves phase.

The presence of the o-Fe peak can be taken as evidence
of the bcc structure related to either the disordered A2 or or-
dered D05 phases. The former (A2) is strongly correlated
with the magnetostriction of around 400 ppm in the Fe; _,Ga,
alloys.3’18’19 Following the work of Cao et al.,3 we can inves-
tigate the presence of D03 precipitates by means of the (100)
and (111) superlattice reflections, which are not allowed
for the A2 structure. We have not found such reflections
around 20 ~ 30.75° or 20 ~ 64° in any of our heterostructures
[Figs. 1(a) and 1(b)]. Nevertheless, it is important to mention
a few aspects. First of all, the D05 precipitates can be so small
that they cannot be detected by means of XRD characteriza-
tion. Second, the studied heterostructures are rather polycrys-
talline, which complicates the detection of different phases.
Finally, our samples are sputtered films that are as-grown and
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FIG. 2. (Color online) (a) a-Fe(110) and (b) TbFe,(113) diffraction angle as
a function of the annealing temperature for heterostructures with different
layer thicknesses: B, 200 nm; O, 100 nm; [J, 50 nm; e, 25 nm; A, 12.5 nm.

annealed at low temperatures, and so they might have a dif-
ferent microstructure than the bulk crystalline high-tempera-
ture annealed samples studied in previous works.>”""'%19
Taking into account all of these aspects, we can indicate that
our experimental results point to a cubic structure in the
Fe;Ga layers, being not observed evidences of the D05 phase.

In Figs. 2(a) and 2(b), we plot the evolution of the two
most important diffraction peaks observed in the XRD scans,
TbFe,(113) and «-Fe(110), as a function of the annealing
temperature. From these plots, we cannot infer conclusive
results about the TbFe,, whereas the tendency is clearer for
the Fe;Ga layers. There is a shift of the (110) o-Fe diffrac-
tion peak to high angles, promoted by the annealing tempera-
ture being more pronounced in the heterostructures with thin
layers. This shift can be due to either the mismatch between
the thermal expansion coefficient () of the different materi-
als (layers, buffer, and/or substrate) or the decrease of the
Fe;Ga layer lattice parameter for another reason. TbFe, and
Fe;Ga have pretty similar o values — 12 x 10°° K~' and
17 x 107 K™, respectively — and so they are not expected to
produce any effect on each other. Both Mo (=5 x 107 K™")
and glass (x =2 X 107 K_l) have lower o values in compar-
ison to Fe;Ga, and so they could promote compressive
stresses on the heterostructures. Nevertheless, the influence
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of the annealing temperature on the lattice parameter sug-
gests the necessity of taking into account more effects in
order to fully explain the observed behavior.

We have performed FC-ZFC routines to further analyze
the characteristics of the heterostructures. In our previous
work about the microstructure of Tb,Fe;_ films,'” the pres-
ence of a cusp in the ZFC curves was an indication of the exis-
tence of nanoaggregates in the as-grown Tb,Fe;_, thin films.
As an example, we present in this work the ZFC curve of a 25
nm thick TbFe, single layer deposited under the same growth
conditions as the samples studied in this work [Fig. 3(a)].
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FIG. 3. (a) ZFC curve of a TbFe, single layer with a thickness of 25 nm.
FC and ZFC curves of as-grown heterostructures: (b) [TbFe2(200 nm)/
Fe3Ga(200 nm)] and (c) [TbFe,(25 nm)/Fe;Ga(25 nm)]g.
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ZFC-cusps are observed in the as-grown heterostructures hav-
ing a layer thickness greater than 50 nm [Fig. 3(b)]. Samples
with a layer thickness equal to or less than 50 nm do not ex-
hibit these cusps, and so they have a completely different
microstructure [Fig. 3(c)]. As the single TbFe, film with a low
thickness does present a ZFC-cusp [Fig. 3(a)], the change of
the structural properties in the heterostructures with thin layers
seems to be correlated with the influence of the Fe;Ga on the
TbFe, layers. Hereafter, we will denote as thin layers those
with a thickness equal to or less than 50 nm, and as thick
layers those with a thickness greater than 50 nm. Finally, it is
noteworthy that none of the annealed heterostructures show
ZFC-cusps, and so nanoaggregates are not promoted by the
thermal treatments.

In the Tb-Fe alloys, there is a so-called compensation
temperature (Tcomp) due to the antiferromagnetic coupling
between the Tb and Fe atoms.?® The T, can be measured
in the FC curves (Fig. 4), and at that temperature the total
magnetization is at a minimum because the Fe and Tb mag-
netic moments are equal and have almost antiparallel direc-
tions because of the antiferromagnetic coupling. Tb-Fe
alloys do not exhibit a zero magnetization at the Tcopm, in
contrast to other alloys of heavy rare-earths and magnetic
transition metals with similar antiferromagnetic coupling,
because there is not a complete antiparallel arrangement
between Tb and Fe atoms. Mimura er al.?' studied the
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FIG. 4. (Color online) FC curves of heterostructures with different layers
thickness. e, 50 nm; O, 25 nm; W, 12.5 nm. (a) As-grown. (b) Annealed.
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FIG. 5. (Color online) (a) Tcom as a function of the layer thickness for the
as-grown (H) and annealed (o) heterostructures. (b) Tb content as a function
of the layer thickness for the as-grown (H) and annealed (e) heterostructures.
In these two graphs, the dashed lines are guides for the eye. The points that
are surrounded with a circle represent the maximum values that we can
experimentally determine. Thus, the actual values are equal to or higher than
the points surrounded with a circle.

correlation between the composition and the Ty, in amor-
phous Tb-Fe alloys. Therefore, we can use the work of Mim-
ura et al. to analyze the composition and the influence of the
thermal treatments on the Tb-Fe layers. However, it is neces-
sary to take into account the fact that the microstructure of
our Tb-Fe films is different from those of Mimura et al., as
our samples are not amorphous. The investigation of the
microstructure by means of advanced characterization tech-
niques such as x-ray photoelectron spectroscopy could shed
light on this aspect. However, that study is beyond the scope
of the present work, and we use the work of Mimura et al. as
a reference to infer the composition of the TbFe layers.

In Figs. 5(a) and 5(b), we present the Tc,,, and the Tb
content, respectively, as a function of the layer thickness for
as-grown and annealed heterostructures. In those figures, we
have surrounded with a circle those samples having a Tcom,
that is higher than 300 K [Fig. 5(a)], and it can be indicated
only that the Tb content is equal to or higher than 28%
[Fig. 5(b)]. We will first discuss the results related to the as-
grown samples. The composition of the Tb-Fe layers in the
heterostructures is different from that of the nominal TbFe,
[Fig. 5(b)]. As they were deposited under growth conditions
that produce the TbFe, composition, the decrease of the Tb
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FIG. 6. (Color online) (a) Position of the «-Fe(110) diffraction peak as a
function of the layer thickness in the as-grown heterostructures. The (blue)
dashed horizontal line indicates the position of the o-Fe(110) diffraction
peak observed in the Fe;Ga single layer used as reference. The dotted line is
a guide for the eye. (b) Position of the TbFe,(113) diffraction peak as a func-
tion of the layer thickness in the as-grown heterostructures. The (green)
dashed horizontal line indicates the position of this diffraction peak in a
TbFe, bulk sample. The dotted line is a guide for the eye.

content with the layer thickness seems to be related to the
influence of the Fe;Ga layers. Therefore, the low Tb content
in the heterostructures with thin layers can explain the ab-
sence of ZFC-cusps, as it has been already reported that in
Tb.Fe,_, films the nanoaggregate volume decreases when
the Tb content is reduced.'” The Tb atoms not present in the
Tb-Fe layers must diffuse to the Fe;Ga layers and/or the
interfaces, and this process is more relevant in the as-grown
heterostructures with thin layers. In Fig. 6 we show the posi-
tion of the diffraction peaks related to the Fe;Ga and Tb-Fe
layers. The lower the diffraction angle, the higher the lattice
parameter. The decrease (increase) of the Fe;Ga (Tb-Fe) dif-
fraction angle when the thickness is reduced points to the
increase (decrease) of the Fe;Ga (Tb-Fe) lattice parameter.
These results are in agreement with the Tb diffusion
observed in the magnetic characterization.

In the annealed heterostructures, it is observed that the
Tcom 18 shifted to higher temperatures, indicating an increase
of the Tb content in the Tb-Fe layers upon the thermal treat-
ments [Figs. 4(b) and 5]. The Tb diffusion from the Fe;Ga
layers and/or the interfaces promoted by the annealing pro-
cess can explain this increase of the Tb content. Moreover, it
can also account for the decrease of the lattice parameter of
the Fe;Ga layers with the annealing temperature [Fig. 2(a)].
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The Tb enrichment is more evident in the samples with thick
layers [Fig. 5(b)]. There is a high lattice mismatch of around
61% (Ref. 22) between the Tb,Fe and the Fe-Ga alloys. The
thinner the layer, the higher the strain promoted by the lattice
mismatch. In heterostructures with thick layers, the strain
can be gradually released along the layer thickness. In sam-
ples with thin layers, the strain must be released in different
ways—for example, decreasing the Tb content in the Tb-Fe
layers or increasing the lattice parameter of the Fe;Ga layers
by means of the introduction of Tb atoms into these layers
and/or the interfaces. These two effects reduce the lattice
mismatch across the heterostructure. Thus, it seems that the
increase of the Tb content in the Tb-Fe layers of heterostruc-
tures with low thicknesses is inhibited in order to prevent a
large lattice mismatch and, thus, to reduce the strain. This
incomplete Tb diffusion in these samples with low thick-
nesses can also explain the low Tb content achieved in those
annealed heterostructures.

We have also measured the hysteresis loops at room
temperature of the as-grown and annealed heterostructures.
The magnetic behavior depends on the annealing tempera-
ture and on the layer thickness. Heterostructures with high
thicknesses show two distinct ferromagnetic characteristics
[Fig. 7(a)]: a ferromagnetic ordering with a low coercivity
related to the Fe;Ga, and a phase with a much higher coer-
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FIG. 7. (Color online) (a) Magnetic hysteresis loop at room temperature of
the [TbFe,(200 nm/Fe;Ga(200 nm)] heterostructure for different annealing
temperatures: (M) as-grown, (A) 300°C and (CJ) 350°C. (b) Magnetic
hysteresis loop at room temperature of annealed heterostructures: (e)
[TbFe,(50 nm/Fe;Ga(50 nm)]y, (O) [TbFey(25 nm/Fe;Ga(25 nm)lg, and
(M) [TbFe,(12.5 nm/Fe;Ga(12.5 nm)] 6.
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civity of 4 kOe. In those samples, the composition of the
Tb-Fe layers is TbFe,, making it possible to crystallize the
high coercivity Laves phase. This crystallization is in agree-
ment with the structural and magnetic characterization already
presented in this work. Heterostructures with thin layers show
a completely different magnetic behavior. Regardless of the
annealing temperature, we observe not the crystallized TbFe,
but another low coercivity material that becomes more rele-
vant as the thickness is reduced [Fig. 7(b)]. We can correlate
this magnetic behavior to the phase formed because of the
presence of the Tb atoms at the Fe;Ga layers and/or the inter-
faces, and it should be a TbFeGa alloy. These alloys have
been poorly studied, although it has been reported that they can
exhibit a pretty high magnetostriction of around 1000 ppm.?
Thus, in the heterostructures with thin layers, the TbFe,
cannot be crystallized because of the low Tb content in the
Tb-Fe layers. Nevertheless, our experimental results indicate
the presence of another potential magnetostrictive phase.
More studies are necessary in order to analyze the potential
magnetoelastic properties of these novel heterostructures.

IV. CONCLUSIONS

In conclusion, we have analyzed the structural and mag-
netic properties of [TbFe,/Fe;Ga], heterostructures. We
have found evidence of a cubic structure in the Fe;Ga layers.
The magnetic characterization shows that the Tb content in
the Tb-Fe layers depends on the layer thickness. The thermal
treatments promote the Tb enrichment of the Tb-Fe layers in
the heterostructures with thick layers, with precipitates not
being formed. In the multilayers with thin layers, it appears
that the strong lattice mismatch inhibits a complete Tb diffu-
sion. Our experimental results indicate that there are poten-
tial magnetostrictive TbFeGa alloys in those samples.
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