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Ni,MnGa thin films have been grown pseudomorphically on a 6-monolayer thigkE®GAS
interlayer on GaA®01) by molecular-beam epitaxy. They have a tetragonal structareb
=5.65A andc=6.18 A which is different from any of the known bulk phases. Magnetic
measurements reveal MinGa to have an in-plane easy axis and a Curie temperature around 350
K. The magnetic properties of these films are given and compared to the corresponding
measurements in bulk material. In contrast to bulk material, single crystal films have been predicted
to exhibit exact austenite—martensite interfa¢@ghout fine twinning of the martensiteFilms

have been patterned along the predicted interfaces using the conventional photolithography and
reactive ion etching. The patterns are then released from the substrate by backside photolithography
and selective wet chemical etching, to yield freestanding films. The martensitic transformation of
the freestanding films has been observed slightly above the room temperature. Magnetic domain
observationgby MFM) on the martensitic films are presented. 2002 American Institute of
Physics. [DOI: 10.1063/1.1446114

I. INTRODUCTION work output scales as the thickndsather than the thickness
cubed, as in typical bending actuator§o access these
Ferromagnetic shape memo(lySM) alloys are a new modes, released films are essential, as the constraint of all
class of materials that undergo a thermodynamically reverssut the thinnest substrates would be sufficient to prevent
ible martensitic phase transformation and are also ferromagransformation. These features, together with the possibility
netic. In the martensitic state the variants of martensite aref remote actuation, make MinGa a promising candidate
separated by mobile twin boundaries that have been demoifier magnetic field driven actuator material in microelectro-
strated to move by moderate external fields and/or stréss. mechanical system&MEMS). Theoretical predictions also
The macroscopic shape change is produced by rearrangirigdicate that such films support austenite/single variant mar-
the martensitic twinning structure, i.e., adjusting the volumetensite interfaces; in contrast, the martensite occurs as two
fraction of the twins, yielding strains of up to 6.2%s0ome finely twinned variants of martensite in bulk austenite/
60 times those that are typical in giant magnetostrictive mamartensite interfacésSeveral conceptual designs based on
terials. released single crystal FSM thin films have been propdsed.
In bulk, the Heusler alloy NMnGa is a typical FSM  The first single crystal growth of BMnGa thin film has
alloy. For a stoichiometric compound of MnGa, the Curie  been reportétiand martensitic phase transformation was ob-
temperature is-376 K and the martensitic phase transforma-served in a partially released filtrin this article, we report
tion temperature varies with composition near room temperathe growth, characterization, and patterning of 900 A thick
ture. Above the phase transformation temperaturgliNGa  single crystal NiMnGa films and magnetic force microscopy
is a cubicL2; crystal structure with weak magnetic anisot- study on the patterned films to demonstrate the potential ap-
ropy. Upon cooling, it transforms to a tetragonal structureplication of this device in MEMS actuators.
with greatly enhanced magnetic anisotropy. The magneto-
crystalline anisotropy of the single crystal martensite is about
2.5x 10° ergs/cmi and thec axis is easy(The anisotropy |- EXPERIMENTAL PROCEDURE
cpnstamkl of austenite is approximatel;_/ two orde_:rs _of mag- The 900 A thick NiMnGa films were grown using MBE
mtude_sm_aller than that of the marte_n%)teTheory indicates 4 GaAs substrates usjra 6 monolayefML) S, sEry AS
that thin films of FSM alloy can deliver large work output e rjaver in an ultrahigh vacuum environment. The detailed
because they exhibit large deformation modes in which th‘?:lescription of the growth has been reported elsewhafeer
removal from the vacuum chamber, the samples were char-
dElectronic mail: gipan@aem.umn.edu acterized by x-ray diffraction, transmission electron micros-
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FIG. 1. Temperature dependence of the magnetization of the epitaxia‘l_.IG 2. Released 40amx100 zmx900 A Ni,MnGa film at room tem
. . 2. A :

Ni,MnGa films after partial release from the substrate. The martensitlcperature showing that it has clearly popped up. The full “dog bone” in the
transformation occurs around 300 K. center is released

copy (TEM), and Rutherford backscattering spectrometry|;; RESULTS AND DISCUSSION

(RBS). Magnetic measurements were performed using a vi-

brating sample magnetomet@fSM) and a superconducting The magnetic properties of the MinGa MBE grown
quantum interference device magnetomet®@@QUID). The films have been reported elsewhétehe saturation magne-
patterning and releasing of the epitaxial films from the GaAdization of the parent film is around 250 emufat room
substrate were carried out by a multistep microfabricatiortemperature and around 450 emufcan 10 K, respectively.
technique combining photolithography, reactive ion etchingNo strong in-plane anisotropy was observed when measured
and wet etching. The step-by-step sample preparation pr@long the three principal in-plane directions, i.€110],

cess used to pattern the film is as follows: first, a thin layer of 110], and[100]. This is consistent with the results on bulk
photoresist is spin coated and exposed under UV light with aingle crystals of NiMnGa,! which shows that, in the high
top layer of photomask. After the photoresist is developediemperature stable cubic phase,MhGa is a soft magnetic
the sample is reactive ion etched to transfer the patterns tmaterial with very weak anisotropy. By comparing the out-
Ni,MnGa by Ar/Cl plasma. The photoresist is then strippedof-plane and in-plane hysteresis loops, the films were deter-
away, leaving the patterns on the front side of the substratenined to have in-plane easy axes. Magnetization versus tem-
The backside releasing of the patterns is made by backsidgerature shows no sign of the martensitic phase
IR alignment, photolithography, and selective chemicaltransformation in the unreleased sample. This is explained by
etching. a strong effect of constraint of the thick substrate.

The released patterns are observed under a polarizing Figure 1 shows the temperature dependence of the mag-
optical microscope with a temperature controlled specimemetization of the epitaxial NMnGa films after partial release
chamber. It was indicated by magnetic measureméfits  from the substrate. The samples are initially zero field cooled
1) that the austenite/martensite transformation does occur cdown to 10 K. Then the magnetization is recorded by the
the released films, with a transformation temperature slighth5QUID magnetometer during warming—cooling—warming
above room temperature. The domain structure and topograequences, under a static in-plane magnetic field of 100 Oe.
phy are observed with magnetic force microsc@f=M) at  In the figure, the Curie temperatufg is about 350 K, which
room temperature. is lower than the temperature reported for the bulk stoichio-

MFM observations provide very high spatial resolution metric cubicL2,; phase(about 376 K. This could be attrib-
approaching 20-50 niY. The MFM used for the domain uted to the difference on crystal structures. Since the proper-
imaging was Digital Instrument$Dl)’ multimode Nano- ties, especially the magnetic properties, of the Heusler alloy
Scope Ill scanning probe microscope with an inhouse-builNi,MnGa are very sensitive to the chemical orderiisge
electromagnet to apply external in-plane fields up to 500 O&ef. 12, the unique structure of the epitaxial films may dem-
at the specimen position. Topographic and magnetic imagesnstrate different magnetic properties. There is a significant
were obtained with the instrument operated in tapping and¢hange of the magnetic moment at around 300 K. In the
lift mode using the standard MFM CoCr tips delivered by freestanding part of the film, if it undergoes an austenite—
Digital Instruments. This tip coating has a high coercivity martensite phase transformation, the induced magnetic mo-
that minimizes tip remagnetization by stray fields from thement of the low temperature magnetically hard phase is
sample and from external applied field. All the MFM imagessmaller than that of the high temperature magnetically soft
were collected with the tip magnetized along theirection  phase. This is consistent with the magnetic properties of bulk
(perpendicular to the sample surfac&he thickness of the austenite and martensite phases.

CoCr coatings is around 50 nm and the typical lift height is  Figure 2 illustrates the released 4Q@mX100 um
30-50 nm. Ni,MnGa bridge with 900 A thickness at room temperature
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FIG. 3. (a) Topographic andb) MFM images obtained from the center of
the released bridge. Image taken from region A in Fig. 2.

FIG. 4. (a) Topographic andb) MFM images of the film obtained from the
. ) center of the released bridgesgion A in Fig. 2 under applied in-plane
and the film is clearly popped up after the removal of themagnetic field. The field was changed four times during the scanning pro-

constrained stress from substrate. Since the phase transfgedure.
mation occurred at the temperature slightly above the room

temperature, it is expected that the released bridge is in thghown in Fig. 2 is similar to the “tents” found from a mag-

low temperature hard magnetimartensitig phase. netoelastic membrane thedryThis connection will be ex-
The MFM results on the released MBE-grown,MnGa  pjored in future work.

film are quite different from the MFM results obtained on the
bulk Ni,MnGa alloy*® In Fig. 3 there are the topograpH@ ACKNOWLEDGMENTS
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