Materials Science-Poland, Vol. 25, No. 2, 2007
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Heusler alloys (HA) are a class of materials which may be metals, semiconductors or semimetals,
most of them being ferromagnets. Some new applications of HA in spintronics and micro-electromagnetic
actuators require their preparation in the form of thin films. Deposition of a HA film is a challenging task
from the point of view of its proper ordering. Local disorder and antisite disorder are the most probable
reasons of failure in achieving 100% polarization in nanostructures containing HA layers. We will review
some examples of tunnel magnetoresistance structures that include Co,YZ HA layers (Y = Mn, Cr, Fe,
Z= Al, Si, Ga). The influence of structural ordering on the magnetic and transport properties of
Co,MnGa films are given with an emphasis on crystallization process of the films with amorphous struc-
ture and a further improvement of its structural ordering. Equally difficult task concerns preparation of
HA films with shape memory (SM) effect. Recent achievements in technology of HA with SM will be
reviewed. We will focus on non-stoichiometric Ni-Mn—Ga sputtered films. Their SM properties critically
depend on composition and post-deposition annealing conditions. By a proper choice of these conditions,
the ordered Ni-Mn—Ga films exhibit a well defined SM effect near room temperature.
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1. Introduction

Heusler alloys (HA) with the chemical formula X,YZ are a class of materials with
a variety of interesting physical properties. Depending on composition, they may be
metals, semiconductors or semimetals, and additionally, most of them are ferromag-
nets. The full Heusler structure consists of four interpenetrating fcc sublattices with
atoms at A(0,0,0), C(1/2,1/2,1/2), B(1/4,1/4,1/4), and D(3/4,3/4,3/4) positions which
results in L2, crystal structure of the so-called full HA (Fig. 1) in which X, and X,
sublattices are fully occupied. A large number of different elements can be chosen for
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X (Ni, Co, Fe, Pd, ...), Y (Mn, Ni, Fe, Co, Ti, ...), and Z (Ga, AL, In, Si, ...) offering
rich possibilities for tuning their magnetic, electrical and mechanical properties.

Fig. 1. Crystal structure of X,YZ full
Heusler alloy displaying the L2, structure
consisting of four interpenetrating fcc lattices
(A, B, C, D), each occupied by one of
the following elements: Ni, Mn, or Ga

In HA there is always some degree of chemical disorder, heavily influencing many
of their physical properties. In the fully ordered HA, the four sublattices A, B, C, and
D are occupied by X, Y, X, and Z atoms, respectively giving the L2, type of order as
it is shown in Fig. 1. In reality, this fully ordered state is hard to be attained, and there
is a variety of possible disorder [1]. When X atoms remain ordered and full disorder
occurs between Y and Z sites only, we have a B2 (CsCl type) structure, for example.
If disorder occurs between one X site and either Y or Z sites, the atomic arrangement
may lead to a DO; (Fe;Al) structure. And eventually, an A2 structure occurs if there is
the atomic arrangement when random order occurs between all X, Y and Z sites.
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Fig. 2. Spin-resolved DOS for Co,MnX, X = Al, Si, Ga, Ge (from Ref. [2]) (a) with a spin-split band
structure characteristic of insulating behaviour of the spin down electrons; field-induced strain of
a single-variant sample of orthorhombic seven-layered phase in the Niyg §Mnyg ,Gay, 5 alloy at 300 K (b)
measured perpendicular to the magnetic field applied along the (100) direction (from Ref. [7])
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Recently, HA has attracted attention since they show great potential for spintronic [2]
or for electromechanical [3, 4] applications. The first aspect concerns half-metallic proper-
ties of some HA exhibiting 100% spin polarization at the Fermi level. Full spin polariza-
tion results from two types of band structures for the majority and minority spin bands:
while the majority spin band shows a typical metallic behaviour, the minority spin band
exhibits a semiconducting behaviour with a gap in density of states at the Fermi level
(Fig. 2a). NiMnSb half Heusler compound was found to reveal a half metallic behaviour as
early as in 1983 [5], but full HA such as Co,MnSi or Co,MnGe [6] have only recently
been found (by electron energy band calculations) to possess full spin polarization.

The second aspect is related to shape memory effect of some HA — a reversible
martensitic transformation resulting in a substantial mechanical strain. Ni,MnGa is
the best known HA which exhibits both ferromagnetic behaviour and structural insta-
bilities leading to a low temperature tetragonal distortion of the cubic cell, i.e.,
a martensitic transformation [3]. Additionally, for off-stoichiometric Ni-Mn—Ga HA,
the martensitic transformation temperature may be tuned close to room temperature
and various kinds of modulated structures in the martensitic phase may occur. It ap-
peared that in such structurally metastable martensite phase, a rearrangement of mart-
ensitic variants can be realized under application of a relatively low magnetic field.
As is shown in Fig. 2b, application of the magnetic field of ~1 T results in a huge
(~10%) strain [7]. This effect is known as ferromagnetic shape memory effect (FSM).
Recently a similar field-induced FSM effect has been found in non-stoichiometric
NisoMnys,Snys x HA [8].

It is obvious that for any spintronic application one needs HA in the form of thin
films. Therefore, a number of papers have been concerned with both theoretical as-
pects of half-metallic behaviour of the HA thin films as well as with technological
aspects aimed at fabrication of HA films with the highest spin polarization under op-
timum conditions (see, for example Ref. [2]). The formation of a HA film is a chal-
lenging task from the point of view of a proper ordering of different elements into the
four sublattices. Local disorder and antisite disorder effects are the most probable
reasons of failure in achieving 100% polarization in nanostructures containing HA
layers.

Equally difficult task concerns preparation of HA films exhibiting ferromagnetic
shape memory effect. Single crystals of off-stoichiometric Ni-Mn—Ga alloy exhibit
strains of 10% under application of a moderate magnetic field [7] but in the films the
effect has been found to be much lower [9]. Recent achievements in the thin film
technology of FSM alloys comprise thin Ni-Mn—Ga films deposited by molecular
beam epitaxy (MBE) [10], laser ablation [11] and by sputtering [12]. Since their shape
memory properties critically depend on composition and post-deposition annealing
conditions, and by a constraint from a substrate, by a proper choice of the deposition
conditions and post-deposition annealing, the ordered and partially or fully released
Ni—-Mn—Ga films exhibit a well defined shape memory effect near room temperature.
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2. Electronic transport in Heusler alloy films

Spintronics, which uses the spin degrees of freedom, is currently attracting great
interest due to a high potential for applications in magnetic sensors and other devices
based on tunnel magnetoresistive effect [13]. Hence, the materials with a high degree
of spin polarization P at the Fermi level are needed to ensure as high as possible tun-
nel magnetoresistance ratio (TMR):

Ry, —Ry _ 2PP
Ry 1-R P,

TMR = (1)

where Ry, and Ryt are resistances for antiparallel and parallel magnetization configu-
rations in a magnetic tunnel junction (MTJ), respectively. This definition gives
TMR = o (in practice a very high value of ~10) for the full polarization P, = P, =
100% of the two ferromagnetic electrodes in TMJ.

A systematic search (based on electronic band calculations) for HA has revealed that
Co,MnGe, Co,MnAl, Co,MnSi and Co,MnGa may be regarded as half-metallic ferromag-
nets with full (or almost full) spin polarization at the Fermi level [2, 6]. Recently, a consid-
erable effort was devoted to HA containing Cr—Co,CrAl and Co,Cr; 4Fe,Al — since they
have been also predicted to exhibit a complete spin polarization with both a high
magnetization and a high Curie temperature [14, 15]. Co,Cr; (Fe,Al HA showed
a high magnetoresistive effect of 60% in pressed powder pallets [14] and since this
discovery anumber of theoretical papers has confirmed their full polarization
[16, 17]. However, in a spin valve MTJ containing Co,CrqsFep4Al electrode only
a moderate TMR of ~16% has been found at RT [18].

Despite the predicted half-metallic properties of HA, in HA films much less than
100% spin polarization has been measured so far (see, for example, Ref. [19]). There
are few useful methods of determining spin polarizations in ferromagnetic materials.
Photoemission [20] and tunnelling spectroscopy [21] have been applied but the most
appropriate seems to be point-contact Andreev reflection [22] in which a measure-
ment of the conductance between a superconductor in a point contact with a ferro-
magnet can determine the spin polarization. Using this method, Clifford et al. [23]
found the spin polarization of ~80% in Co,Cry¢Feq4Al bulk HA. The most extensively
applied method, however, for the measurement of the spin polarization in half-
metallic thin films is evaluation of P from TMR effect in MTJ devices. Using a CoFe
layer (P = 50%) as a top electrode and a HA film as a bottom electrode [24] the result-
ing spin polarization can be simply estimated from the Juliere model described by
Eq. (1). Keeping in mind that the magnetoresistance of such an MTJ depends not only
on the electronic structure of HA but also on the quality of insulating barrier (AlOy in
most cases), one may regard the resulting spin polarization of HA as a realistic limit
determined both by a structural perfection of HA film and a HA/tunnel barrier inter-
face quality on equal foot. On the other hand, such an approach gives some practical
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insight on the realization of HA electrodes integrated with other components of an
MT]J device.
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Fig. 3. Magnetoresistance (MR) of a powder pellet of Co,Crj¢Feq4Al (from Ref. [14] ) (a); MR
curves of MTJ with the epitaxial Co,MnAl bottom electrode at 10 K and 300 K (b); the inset shows
temperature dependence of MR ratios for MTJ using epitaxial Co,MnAl (1), polycrystalline
Co,MnAl (2), and Co7sFeys (3) (from Ref. [26]); magnetoresistance curves at RT and 5 K
for a spin-valve-type MTJ with a Co,Cr;_4Fe,Al electrode (from Ref. [21])

(c); MR loop of MTJ (d) with Co,MnSi Heusler alloy electrode (from Ref. [28])

Figure 3 juxtaposes some recent results concerning TMR characteristics of MTJ
devices which include a HA layer as a bottom electrode. However, the most puzzling
result (shown in Fig. 3a) concerns a relatively high TMR effect of ~60% at RT in
pressed powder pellets of Co,Cry¢Fep4Al/Al,O3 [14]. Such a high value of TMR in
the obviously defected samples with nonuniform microstructure resulted in further
attempts [18, 25] aimed at fabrication of MTJ containing Co,CrFeAl HA electrode with
structural ordering as good as possible. However, as is seen in Fig. 3b, TMR in a spin
valve structure Co,Cr_4Fe Al (100 nm)/Al,O3(1.3 nm)/CoFe(3 nm)/NiFe (5nm)/IrMn
(15 nm)/Ta (10 nm) has been found fairly low amounting to ~19% at RT for x = 0.4
[25]. It appeared that HA films prepared by magnetron sputtering on thermally oxidized
Si substrates do not show the L2, structure as expected for the bulk, but reveal the B2 or
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A2 structures, depending on Fe concentration. It was pointed out that better TMR charac-
teristics might be obtained for B2 structure without Co—Cr type of disorder.

Recently Sakubara et al. [26] fabricated MTJ with epitaxially grown Co,MnAl
bottom electrodes combined with a magnetron sputtered AI-O tunnel barrier. As
shown in Fig. 3c, MTJ with a stacking structure of epi-Co,MnAl/Al.O/CoFe/IrMn
exhibits TMR = 65% at RT and 83% at 2 K (see the inset in Fig. 3c). This result sug-
gested that Co,MnAl with B2 order is highly spin polarized, however the estimated
spin-polarization of ~59% (Eq. (1)) is still smaller than the expected value of 76% for
the B2 structure [27]. Besides TMJ containing Co,Cr; 4\Fe,Al or Co,MnAl HA elec-
trodes, Co,MnSi HA integrated in MTJ [28] offers even higher TMR values of ~86%
at 10 K which roughly corresponds to P = 60% (Fig. 3d). Recently, Hiitten et al. [24]
demonstrated TMR value of 108% at 20 K associated with the spin polarization of
72%. All these results clearly show that fabrication of MTJ or other spintronic de-
vices in which HA electrodes would reveal full half-metallic characteristics (i.e. TMR
= o0) is still a challenging task, first of all, due to difficulties in preparation of HA
layers with a good ordering, and secondly, due to difficulties with oxidation of HA in
the course of the tunnel barrier formation.

Since the problem of ordering of HA films is one of the key issues in the applica-
tion for spintronic devices, we have investigated kinetics of the ordering in Co,MnGa
HA film. Co,MnGa has been shown [2] to reveal almost half-metallic behaviour. To
obtain the Co,MnGa alloy films with utmost disorder, they were vapour quenched
onto the substrates cooled with liquid nitrogen. The as-deposited Co,MnGa films
were annealed at 293 (RT), 513, 598 and 728 K in high vacuum conditions. The re-
sulting various structural states of Co,MnGa HA films will be referred to as 1, 2, 3
and 4, respectively, to correspond to the above annealing conditions.
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Fig. 4. TEM diffraction patterns of Co,MnGa alloy films (a) deposited onto a substrate cooled
with liquid nitrogen (left panel) and post annealed at 630 K (right panel); the saturation (Mg)
and effective (M.g) magnetization of Co,MnGa films (b) as a function of annealing temperature.
The numbers 14 denote corresponding films (see text)
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Figure 4a (left panel) shows transmission electron microscopy (TEM) diffraction
patterns of the Co,MnGa film deposited onto an NaCl substrate cooled with liquid
nitrogen. It is clearly seen that vapour quenching deposition onto cooled substrates
leads to formation of an amorphous (nanocrystalline) state. After annealing at 630 K,
the amorphous film becomes crystalline with the diffraction lines characteristic of B2
HA structure (Fig. 4a, right panel). A thorough X-ray diffraction characterization of
the films annealed at T > 600 K suggests even the presence of L2, ordering for film 4.
Generally, annealing of the vapour quenched Co,MnGa films results in the formation
of the amorphous, A2, B2 and L2, ordering for the films 1, 2, 3 and 4, respectively.

Figure 4b shows the dependence of RT values of Mg (full symbols) and M. (open
symbols) on annealing temperature corresponding to the films 1, 2, 3, and 4, respec-
tively. The amorphous film 1 is only weakly magnetic with Mg= 25 G. However, M.
of ~200-300 G, estimated from the position of the most intensive ferromagnetic
(FMR) absorption, suggests its inhomogeneous magnetic state with local effective
fields 4nM.¢ as high as ~3000 G. Annealing at elevated temperatures results in a sub-
stantial increase in both Mg and Mg up to 400 and 500 G, respectively. Since Mg of
the films 3 and 4 is practically the same, we argue that there is practically no difference in
the magnetic properties of the Co,MnGa films with B2 and L2, type of ordering. However,
the saturation magnetization Mg (Ms = 450 G, 2.5pp per formula unit) of our films with the
highest ordering is still lower than that of the bulk (4ug) [2] and Co,MnGa epitaxial films
(3.5uB) [29]. Moreover, Mg and M. differ substantially what may be related to a high easy
plane anisotropy of Co,MnGa films due to magnetostriction [29].
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Fig. 5. Changes of FMR resonance field H™" in the course of heating (full circles)

and cooling (full diamonds) of an initially amorphous Co,MnGa film (a); resistivity o
f the same Co,MnGa film in the course of heating to ~800 K and cooling to RT (b)

Using high-temperature FMR [30] measurements in the perpendicular configuration,
we checked the temperature range in which the amorphous Co,MnGa films order. Fig-

ure 5a shows temperature changes of the resonance field H/*" in the course of tempera-

ture cycling from RT to 570 K and back RT. In the range of ca. 420430 K, the reso-
nance field increases sharply, then it decreases in a way typical of a ferromagnetic
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film with T¢ of 600 K and eventually at ~550 K it grows again. In the cooling cycle,
the temperature changes of the resonance field H*" are typical of a well ordered

Co,MnGa alloy with T¢ of ~ 650 K. These anomalies in the behaviour of H** vs. T

strongly suggest the presence of two structural transformations in amorphous
Co,MnGa at 430 and 540 K, respectively. Comparing FMR results shown in Fig. 5a
with the TEM results, we supposed that these anomalies are related to the “amor-
phous — A2” and “A2 — B2” transformations, respectively. However, the electric
resistivity o of the initially amorphous Co,MnGa film experiences a sharp increase
between 450 and 540 K and then at T = 550 K it decreases again to a considerably
higher value than that of the amorphous film, and slightly decreases at T >750 K
(Fig. 5b). Our preliminary TEM studies of the structure of the films annealed between
450 K and 540 K suggest formation of a two-phase metastable structure in this tem-
perature region. In the temperature dependence on the cooling cycle, o shows a semi-
conductor-like behaviour at 550 > T > 800 K with a negative coefficient of resistivity
and a metallic behaviour below 600-550 K. Both a high value of the resistivity in B2
structural ordering and the change in the temperature dependence of the resistivity
may result from half-metallic behaviour of the ordered Co,MnGa films.

In summary, we have shown, that unlike amorphous Ni,MnZ (Z = In, Ga, Ge)
films, Co,MnGa films in the amorphous state exhibit some weak ferromagnetic be-
haviour. According to the FMR and resistivity results, formation of an inhomogene-
ous metastable structure in the temperature range of 450-550 K has been observed.
The structural “A2(B2) — L2, transition causes more significant increase in Mgand
M. than the “amorphous state — A2” one. However, the saturation magnetization
(Mg = 450 G, 2.5pup per formula unit) of our films with the highest ordering is still
lower than that of the bulk (4pug) and of Co,MnGa epitaxial films (3.5ug). Resistivity
behaviour of the well ordered Co,MnGa films suggests their half-metallic properties.

3. Ferromagnetic Heusler alloy films with shape memory effect

Ferromagnetic shape memory (FSM) alloys are a class of materials undergoing
thermodynamically reversible martensitic transformations in a ferromagnetic state [3].
Such a structural phase transformation of a martensitic type has been reported in ter-
nary intermetallic compounds Co-Ni—Al and Co-Ni—-Ge and in iron(cobalt)-based
alloys such as Fe—Pd(Pt) and Co—Ni and in Ni-Mn-Al, Co-Ni—Ga HA.

Ni-Mn—Ga HA with various stoichiometries have been the most extensively inves-
tigated FSM materials. For bulk stoichiometric Ni,MnGa, the Curie temperature T¢
= 376 K and the martensitic transformation (MT) temperature is Ty, = 200 K [1].
Above Ty, Ni,MnGa adopts L2; structure (Fig. 1). In the martensite phase Ni,MnGa
transforms into a twinned structure (as shown schematically in Fig. 6) composed of
tetragonal phase with an enhanced anisotropy [3]. Generally, for the nonstoichiomet-
ric Ni-Mn—Ga HA there are several different martensite structures of tetragonal or
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orthorhombic symmetry. Some of them are modulated with a shuffling of the (110)
atomic planes with a period of five (5M) or seven (7M) atomic planes [31, 32], or
unmodulated [33, 34]. The lattice constant ratios give the maximum strain which is
available from the twin rearrangement. This limit is of 6% in the 5M structure [35],
and of 10% in the orthorhombic 7M martensite of Ni; gsMn; 19Gag g [

v variant | e
l variant Il
Fig. 6. Schematic illustration of the martensitic
transformation and twinning in two dimensions martensitic

(from Ref. [2]) transformation twinned microstructure

Fig. 7. Schematic representation of the magnetic
field-induced redistribution of the martensitic
domains (a). Domains benefiting from the applied
field dominate (b) in the sample, leading to
a macroscopic deformation (from Ref. [2])

As is shown in Fig. 7, magnetic fields or stress can rearrange the volume fraction
of martensitic variants by the motion of twin boundaries to minimize the total energy.
Such a rearrangement of the martensitic variants with magnetic field results in a large
reversible strain. This change of crystallographic domain population by the applica-
tion of an external magnetic field is the mechanism for the FSM effect (Fig. 7). De-
pending on a composition, the temperature of the phase transformation can be tuned
in a wide range [4]. The large strain and ability to tune the temperature of transforma-
tion with the composition make Ni-Mn—Ga alloys a very attractive candidate for
magnetic field driven actuators.

Recent efforts have focused on enabling the ferromagnetic shape memory or ther-
mal shape memory effects on micrometer or smaller scales. Figure 8a shows
a conceptual design of a microactuator [36]. A film is assumed to be deposited on the
substrate in the austenite state, and is unstressed and released from a substrate. At
high temperatures the film is in the austenite and is undeformed as shown in Fig. 8a in
the left panel. On cooling, the film transforms to the martensite and bulges (Fig. 8a,
right panel). Such tiny “machines” have been created [37] in reality (Fig. 8b). To de-
sign such “micromachines”, free-standing single crystal Ni-Mn—Ga films would be
the best candidate since they allow the formation of austenite/single variant interfaces
resulting in a specific tent-like deformation in the martensite phase. Recently, single
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crystal Ni,MnGa and Ni,Mn; ,Gay g films (900 A thick) have been grown by molecu-
lar beam epitaxy on (001) GaAs substrates with ScErAs interlayer [10]. The films
were ferromagnetic with the Curie temperature of ~340 K. It has been observed that
constraint of the substrate inhibited martensitic transformation, but after removal of
the substrates to release the films, it enabled a martensitic phase transformation in the
free-standing single crystal films to occur. In particular, the Ni,Mn, ,Gay g films trans-
formed into martensite phase at RT and showed the two-way shape memory effect
upon thermal cycling. The ferromagnetic shape memory effect was demonstrated in
free-standing stoichiometric Ni,MnGa bridges and cantilevers at 135 K with magnetic
field applied perpendicular to the sample surface but with no quantitative measure-
ments of the effect.

a)

Fig. 8. A tent-like deformation of a film, which
is flat in the austenite phase (a) (from Ref. [36]);
realization of such a deformation in a CuAIN:i foil,
released on a 1 cm by 1 cm region, produced by
heating and cooling the film (b) (from Ref. [37])

g &

Wauttig et al. [38] reported phase transformations in polycrystalline sputtered 1 pm
thick Ni-Mn—Ga films deposited on Si cantilevers. They noticed that the films depos-
ited on substrates held above 385 °C or annealed at 400 °C show an austenite/marten-
site transformation comparable to NiTi shape memory films.

Suzuki et al. [39] and M. Ohtsuka et al. [9] deposited 5 um thick Ni-Mn—Ga films
by sputtering on poly(vinyl alcohol) substrates. After separating from the substrates,
the films were annealed at ~1100 K for ordering. They detected the martensitic trans-
formation at ~250 K and ~320 K for the films of nominal composition Ni,MnGa and
Niy 1sMnGa, respectively. The two-way shape memory effect for the constraint-aged
films was confirmed as well as a small (of 0.08%) FSM effect was detected under
application of the external magnetic field of 5 T [9].

Using a new technique of ultra-high vacuum magnetron sputtering from Ni, Mn
and Ni,Ga; targets, Takeuchi et al. [12] produced thin film composition spreads onto
micromachined arrays of mechanical cantilever libraries. They succeeded in detecting
structural transformations and determined crystal structure with a scanning X-ray
microdiffractometer, and performed a quantitative magnetization mapping of the
spreads. They found that a large previously unexplored region outside the Heusler
composition contains reversible martensites that are also ferromagnetic. There were
also some attempts to produce Ni-Mn—Ga thin films by laser ablation [11, 40] but the
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results obtained did not show any clear signs of MT. We observed some signs of
martensitic transformation in the flash-evapourated Ni-Mn—Ga films on mica sub-
strates [41].

The presence of MT in thin films is a prerequisite for any applications in MEMS.
However, MT in Ni-Mn—Ga films is much less documented and the results show that
the transformation is governed by microstructure [42], constraint from substrates [10]
and by structural ordering [9]. Here, we show some new results concerning the influ-
ence of MT on the magnetic, electrical and thermal shape memory effect in the sputter
deposited Ni-Mn—Ga films.

The films (0.5—1 um) were deposited by face-to-face sputtering onto rotating glass
and mica substrates held at RT. The composition of the films was determined by
X-ray fluorescence and was changed in a wide range from NigMnyGayy to
NiugsMnj;,Ga,; by altering the configuration of Mn and Ni pieces placed on the targets.
The NigMnyg¢Gay 4 (A) and Nisg4Mn,; 3Gay; g (B) films were chosen for further char-
acterization since they revealed MT at RT and well above the Curie temperature of
~360 K. The X-ray fluorescence spectroscopy confirmed a very uniform composition
profiles of our sputtered samples. The films were annealed in 10™* Pa vacuum at
873 K for 1 h. The structural characterization of the films was carried out by XRD
using CuK,, radiation with the sample tilted at an angle of 2° from the diffraction
plane to suppress the reflections from mica substrates The magnetic properties of our
Ni-Mn-Ga films were investigated using FMR spectrometer operating at 9.08 GHz at
temperatures from 78 K to 400 K in a magnetic field applied perpendicular and paral-
lel to the film plane. The values of 4nM. were determined from the resonance fields
HP? taken in the perpendicular configuration at various temperatures; w/y = H?
— 4nM.q, where @ = 2xf is a microwave angular frequency and y is the gyromagnetic
ratio corresponding to the g factor of 2 [43].

XRD patterns of our films show typically few broad peaks with (220) as the most
prominent reflection (Fig. 9a) due to a high (110) texture. As we will show later, MT
in the film A onsets at 310-320 K. Interestingly, the (220) peak of the film A is fairly
broad of ~1° and does not split, a typical feature of our films with MT about RT. This
suggests that the (220) reflection is formed by overlapping peaks both from austenite
and martensite phases. The position of the (220) peak gives the cubic lattice constant
a = 0.581 nm, the same as in bulk Ni,MnGa. Film 9b with a higher MT temperature of
~420 K reveals in XRD the split (202) and (220) peaks characteristic of the tetragonal
structure with a=hb = 0.59, and ¢ = 0.558 nm (c/a = 0.946).

Figure 10a shows the temperature behaviour of magnetic properties of film 9a; the
saturation magnetization 4nMs, the effective magnetization 4nM.y and the FMR
linewidth AH. Figure 10b shows the temperature dependence of the electric resistance
R(T) of the same film. An apparent slope change in R(T) is indicative of the ferro-
magnetic-paramagnetic transition at the Curie temperature Tc = 365 K while an
anomalous increase of ~10% in R(T) from 330 to 260 K is due to MT.
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Fig. 9. XRD scans of the NiggMnyg ¢Gay 4 (A)
|, and Nisg 4Mn,; 3Gay; g (B) films deposited on mica
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magnetization 4ntM.g, the FMR linewidth AH (a)  magnetization 4nM.g, the FMR linewidth AH (a)
and temperature dependence of the electric and temperature dependence of the electric resistance
resistance (b) of an NiggMnyg ¢Gay 4 film (film A) R (b) of an Nisg 4Mny; Ga,, g film (film B); inset in
(b) shows R(T) of the film B measured
independently at elevated temperatures
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An anomalous jumplike feature in R(T) is characteristic of MT in bulk Ni-Mn—Ga
alloys [4]. However, in the film A it extends from the martensitic start (M;) to finish
(My) temperatures: My = 310 K to Mf = 260 K, i.e., the temperature range is much
broader than in bulk alloys [44]. Similar extended anomalies due to MT appear in the
magnetic behaviour shown in Fig. 10a. While the temperature dependence of 4nM,, is
quite monotonic and saturates at ~6—6.5 kG (i.e., My,;= 500 G at 0 K), the growth in
4nM.¢ in the martensite phase is strongly diminished and 4nM.¢ exhibits a hysteretic
behaviour. Simultaneously, the FMR linewidth (measured in the perpendicular con-
figuration) strongly increases from about 100 Oe (at 330 K, i.e., in the austenite
phase) to about 1.5 kOe at 100 K (in the martensite phase). Such a behaviour is typi-
cal of the martensitic transformation of relatively thick (0.5—-1 pm) Ni-Mn—Ga films
[44] in which, probably due to a constraint from the substrates (in our case mica), the
transformation region is strongly extended. In much thinner Ni-Mn—Ga films the ef-
fect of MT is almost completely suppressed [41].

In Figure 11a we show the temperature dependences of 4nM.¢ and AH in the film
B with the martensitic transformation above T¢ = 350 K. As follows from the tem-
perature dependence of the electrical resistance (Fig. 11b), MT extends in this film
from M, = 420 K to M¢ = 330 K. While the magnetic characteristics (4nMg and AH)
in the film A (with M < T¢) clearly show the anomalous behaviour in the martensitic
phase (Fig. 10a), in film B (with Mg > T¢) they change monotonically. However,
4nM.¢ obtained from FMR attains at low temperatures the values of 3— 3.5 kG, that is
much lower than 4nMg,; of ~6 kG measured with VSM, and AH values near T are
substantially higher than that in the film A in the austenite phase. Such a behaviour of
the magnetic properties is typical of Ni-Mn—Ga films with a columnar microstructure
[41] and results from a rather complicated interplay between the shape anisotropy
related to the microstructure and a substantial magnetocrystalline anisotropy in the
martensite phase [3].

In the film B, we also checked the shape memory effect induced by thermal
changes. For this purpose the Nisq4Mn,; 3Ga, g film was partially released from the
mica substrate. Since an Ni-Mn—Ga film deposited by sputtering is always under se-
vere tension, it is curled in the form of a spring after releasing from the substrate as is
shown in Fig. 12a, upper panel. The radius of curvature r of the released film B was
measured as a function of temperature. The radius reversibly increased on heating
(Fig. 12a, bottom panel) and then decreased on cooling in a repeatable manner charac-
teristic of two-way shape memory behaviour [9]. The resulting film strain & versus T
(defined as ¢ = d/2r, where d = 1 um is the film thickness) is shown in Fig. 12b. It is
seen that the shape recovery arises in the temperature range of 420-330 K in agree-
ment with the results of the electrical resistance measurements but a substantial ther-
mal hysteresis of ~50° should be rather attributed to some friction between the curled
“spring” windings than to the fairly narrow intrinsic hysteretic behaviour of the shape
memory effect (see the inset in Fig. 11b). We estimated the magnitude of the strain
change accompanied by MT as Ae = 0.2% resulting from the radii of 0.2 mm and
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20 mm of the curled film and that after almost perfect recovery, respectively. It is
interesting that the shape memory effect in the film A was much weaker.
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Fig. 12. Photographs of the Niss 4Mn,; 3Gay; g film (a)
in the martensitic phase (upper panel) and in the
austenite phase (bottom panel); the strain evs. 7'

of the Nisg 4Mny; gGay; g film partially released
from the mica substrate (b)

In summary, we have observed the influence of the martensitic transformation on
the magnetic and electrical properties in Ni-Mn—Ga films with MT below and above
Tc. An anomalous behaviour of the magnetic properties of Ni-Mn—Ga films in the
martensite phase has been compared with the electrical resistance vs. T characteris-
tics. The temperature range of MT in our films has been found to be much broader in
comparison to that in the bulk Ni-Mn—Ga alloys. The two-way shape memory effect
has been confirmed in our films.

4. Conclusions

We reviewed the current status of the technology of the Heusler alloy films with
a special emphasis on possible applications of highly sensitive TMR sensors in spin-
tronics as well as in micro-electromechanical systems.
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