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Epitaxial NbMnGa and NjMn, 5Ga, g thin films have been grown by molecular beam epitaxy on
GaAs (001) substrates with SGEr, /As interlayers. Structural characterization of as-grown films
confirms the epitaxially stabilized single crystal structure of the films and indicates that the films
grow pseudomorphically on GaA®01) substrates in a tetragonal structure=b=5.65A, ¢

=6.18 A). The films are ferromagnetic at room temperature with coercivity 0 Oe, saturation
magnetization of-250 emu/cm, and weak in-plane magnetic anisotropy. The Curie temperature of
the films is found to be-340 K. However, while the films were attached to the substrate martensitic
phase transformations were not observed. In order to observe martensitic phase transformations,
free-standing NiMnGa bridges and cantilevers were fabricated using front and back side
photolithography together with a combination of dry and wet etching. After removal of the substrate,
the free-standing bridges and cantilevers showed a unique temperature dependent shape.
Observation using a polarized-light optical microscope during repeated thermocycling showed large
movement of the cantilevers, confirming a two-way shape memory effect in the free-standing films.
Using 100um long free-standing bridges, field induced strain or the ferromagnetic shape memory
effect was observed in a stoichiometric,MinGa sample at 135 K with the magnetic fields
perpendicular to the sample surface. 2004 American Institute of Physics.

[DOI: 10.1063/1.1643199

I. INTRODUCTION effect’® Initially, this effect was demonstrated in bulk
samples of the Heusler alloy MiinG&® and FePd by the

~ Ferromagnetic shape memory alloys are a class of matey, jjication of moderate external magnetic fields. Recently, it
rials that go through a thermodynamically reversible marten-has been reported to occur in M6Ga,” Ni,MnAl® and
sitic phase transformation and demonstrate ferromagneti&oNig ’ 2 '

behaviort For bulk stoichiometric NiMnGa, the Curie and . i

martensitic phase transformation temperatures are 376 and m orde_r to utilize the ferromagnetic shape memory ef-
202 K, respectivelf.Above 202 K, NjMnGa adopts a cubic fect in dewpes at room temperature, 'Fhe martensitic phase
L2, crystal structure with weak magnetic anisotrdBelow  transformation temperature must be raised above room tem-
202 K, it transforms into a martensitic twinned structurePerature. The phase transformation temperature g¥iNGa
composed of three variants of tetragonal phase with greatiglepends critically on the compositifi*® and it can be
enhanced magnetic anisotropyin this low-temperature tuned to be above room temperature. However, modification
phase, external magnetic and/or stress fields can be erof the composition might also change the crystal structure of
ployed to adjust the volume fraction of martensitic variantsmartensite phase from a five layer modulated structure to a
in the twinned structure by the motion of twin boundaries toseven layer modulated, or even to a nonmodulated
minimize the total energ§This rearrangement of twin vari- structuret3 which would affect the mobility of the twin
ant.s Wlth magnetic .fleld results in large rgverS|bIe strainy g yndaries. Using NMnGa bulk single crystals, Ullakko
which is the mechanism for the ferromagnetic shape MEMOryy 418 reported reversible strain of 0.2% at 265 K. Recently,

Sozinovet al* have demonstrated strain as large as 9.5% at

aCurrent address: SVT Associates, Inc., Eden Prairie, MN 55344, room temperature in Orthorhombic seven |ayer modu|ated
YCurrent address: National High Magnetic Field Laboratory, Florida State ¢ it f N Th bility t £

University, Tallahassee, FL 32310. martensite of NigdVing 1452 g6 € abil y_ 0 pe_r orm
9Author to whom correspondence should be addressed; electronic maithese measurements at room temperature is possible due to
,paims001@umn.edu _ o the dramatic change in transformation temperature according
)Current address: Department of Materials and Nuclear Engineering, Umf th itiod®~23 The | . d th bili

versity of Maryland, College Park, MD 20742. 0 the compaosiuort. . e large strain gn e ability to
9Current address: Micron Technology, Inc., Boise, ID 83707. tune the transformation temperature with the composition
0021-8979/2004/95(5)/2593/8/$22.00 2593 © 2004 American Institute of Physics
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make Np)MnGa a very attractive candidate for magnetic field
driven actuator$!+*°

Theory predicts that free-standing single crystal thin
films of Ni,MnGa could provide large work output because
their deformation mode is shearing instead of bending. This

Photolithography of film side

would result in the work output scaling linearly with the film Ar/Cl, Plasma

thickness rather than with the thickness cube@urther-

more, single crystal films allow the formation of an

austenite/single variant martensite interfateyhich is not —

possible in bulk materials, where only finely twinned

austenite/martensite interfaces are possiblEhe deforma-

tion mode and the ability to form austenite/single variant RIE of Ni,MnGa film After RIE and PR stripping

martensite interfaces make single crystaLbMinGa films
highly desirable for microelectromechanical systéniMS)
actuators® Several conceptual designs for MEMS devices —
have been proposed by Bhattachastaal® based on re- s
leased single crystal films with austenite/single variant mar-
te_nsite interfaces. Although polycrystalline _films of Backsida IR aligamant Aﬂer prerm—
Ni,MnGa have been developed by several grodp%;only and photolithography chemical etching
recently have single crystal pWinGa thin films been
grown?2,23 Because the substrate imposes large constraint O'H'G- 1. Schematic iIIustra_tion of th_e process to fabric_ate free-sFanding
the films, it is expected that onIy free-standing films release&llenGa bridges and cantlleyers using frqnt and pack side photolithogra-
- . phy as well as dry and selective wet chemical etching.
from the substrate will show shape memory behavior.
The theoretically proposed designs for MEMS devices
require patterning and releasing of epitaxiabMnhGa films
from the substrates along special crystallographic
directions® In this article, techniques for growing, pattern- Fig. 1. The sample substrates were first mechanically thinned
ing and releasing 900 A thick epitaxial stoichiometric and polished down te-100 um in thickness. Then, the 900
Ni,MnGa and NjMn, ,.Ga, ¢ films with expected transfor- A thick Ni,MnGa film was patterned by conventional pho-
mation temperatures 0f200 and~300 K, respectively, are tolithography and the devices were defined using reactive ion
reported. The properties of the films before and after removattching. For the sample used to study the shape memory
of the substrate are then compared. Finally, the shapeffect, the size of the bridges was 1@@nx400 um and
memory effect and the ferromagnetic shape memory effeatxtended along thél10 direction and formed inside a 400
within released thin film structures are studied. pumx400 um window of GaAs that was removed. Free-
standing cantilevers were also fabricated from the same film,
resulting in devices of 10@mx<400 um extending along the
(110 direction. For the sample used in the study of the fer-
Ni,MnGa films 900 A thick were grown of001) GaAs romagnetic shape memory effect, the free-standing bridges
substrates by molecular-beam epita®yBE). The growth —and cantilevers were 100m long and 25um wide.
procedure was similar to that described in Ref. 22. The GaAs  After front side patterning of the BMnGa film, the
substrate was overgrown with a 2500 A thick,ABa, ,As  sample was flipped over and the GaAs substrate was litho-
layer followed by 500 A of GaAs. The §LGa As layer graphically patterned using a mask aligner with an infrared
was added to act as an etch stop during substrate removal. Tamera to align the pattern to the,NinGa bridges or can-
prevent reactions between the GaAs substrate and ttéevers on the front side. The GaAs substrate in the exposed
Ni,MnGa epilayer a 6 monolayer thick SgEr,-As inter-  square(see Fig. 1 was then selectively etched away using a
layer was deposited before MinGa growth.In situ reflec-  solution of H,O, and NH,OH until the etching stopped at the
tion high-energy electron diffractiotRHEED) was used to  Alg ¢Ga 4As layer. Subsequently, dilute HF was used to etch
monitor the crystalline quality and epitaxial relationship dur-the 2500 A thick A ¢Ga, 4As layer without removing the
ing MBE growth?? 500 A thick GaAs immediately underneath the,MhGa
The samples were structurally characterized using x-rafilm. Finally, this 500 A thick GaAs was removed using a
diffraction (XRD), transmission electron microscopyEM), solution of HO, and NH,OH in H,O.
and Rutherford backscattering spectromet®BS) with Optical observation of the shape memory effect was per-
channeling. At room temperature, magnetic measuremenfsrmed using a polarized-light microscope with a tempera-
were performed using a vibrating sample magnetometeture stage, thus providing control of the sample temperature
(VSM), whereas temperature dependent measurements wedsetween—20 and 200 °C. For study of the ferromagnetic
performed using a superconducting quantum interference dehape memory effect, the sample was mounted in a liquid
vice (SQUID) magnetometer. helium-cooled optical cryostat equipped with a 7 T split-coil
The fabrication procedure used to make free-standinguperconducting magnet and observed through an optical mi-
Ni,MnGa bridges and cantilevers is schematically shown ircroscope with a large working distance.

Il. EXPERIMENT
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FIG. 3. X-ray 6-26 diffraction scan of the NMnGa/Sg sEry ;As/GaAs
specimen using CH « radiation.

This behavior is confirmed by th&-26 XRD scan of the
Ni,MnGa/Sg sEry /As/GaAs sample shown in Fig. 3. Strong

‘ (b) . . sharp(002 and(004) diffraction peaks in the NMnGa thin
- Y : film are clearly evident in addition to th@02 and (004)
004 g GaAs substrate peaks. These data suggest that epitaxial rela-
: ‘ tionship Of[001]Ni2Mnea//[001]GaAs- The broader weaker

(002 peak and two small satellite peaks around the GaAs
(002 reflection arise from the thin §eEr, -As interlayer*
No additional reflections are observed, which corroborates
the absence of possible second phases, in keeping with the
TEM results. Using the lattice constant of GaAs as a refer-
ence, the out-of-plane lattice constant of,MhGa was
found to be 6.18 A. Double-crystal XRD rocking curve mea-
surements of the NMnGa (004) peak showed a full width at
half maximum(FWHM) of 280 arcsec.

_ _ _ ) ) To further probe the crystalline quality of the epitaxial
FI_G. 2. (a) High-resolution cross-sectional TEM m_lcrograph obtained for afilms RBS channeling measurements were performed using
Ni,MnGa/Sg Ery ;As/GaAs sample.(b) Overlapping convergent beam ! ) . A
electron diffraction patterns with the electron beam focused on both the filn2.3 MeV He" ions. Figure 4 shows the RBS channeling and
and the substrate. Disk splitting is clearly visible around the tfiteet}  random spectra of a BMInGa/Sg sEry /As/GaAs structure.
type diff_ractio_n dis_ks in the top row, whereas no splitting is observed for After subtraction of the background, the minimum vyield
{hho} diffraction disks. (xmin) Was obtained from the ratio of the peak areas at beam
energy of~1.55 MeV, which corresponds to the Ga peak in
the epitaxial NjMnGa film in the two spectra. The minimum
yield of ~8% for the epitaxial NIMnGa/Sg sEr, /As/GaAs
A. Structural properties structure is comparable to that in earlier studies.

IIl. RESULTS AND DISCUSSION

Figure 2 shows a high-resolution cross-sectional TEM
micrograph and a convergent beam electron diffraction
(CBED) pattern of a NiIMnGa/Sg sEry /As/GaAs structure. 20000 —
The high-resolution image in Fig(& shows that the inter- ]
faces between the GaAs substrate and the overgrown films

. —~15000[
appear to be abrupt. Moreover, no secondary phase or grain ° I
boundaries are visible in the epitaxial films. Figuré)2 § -
shows overlapping CBED patterns obtained from both the £10000
GaAs substrate and the JMInGa film as a result of the 2
electron beam being focused across the interface between the > 5000

film and the substrate. The two sets of diffraction disks from -
the substrate and the film show good registry along the in- P PR TR TR ‘
plane direction{110. However, out-of-plane disk splitting 0.2 0.6 1 1.4 1.8

around thg hh4} type diffractions is observed. These results Energy (MeV)

indicate that the I\'iMn.Ga film grows pseudorr)orphlcglly oN L 4 RBS channeling and random spectra of the
GaA5(001)1 resulting in a tetragonal phase with the in-planey;,mncassg £r, As/GaAs specimen usintHe* ions at beam energy of
lattice parameter of GaAs=b=5.65A. 2.3 MeV.
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The formation of a pseudomorphic 900 A thick T T
Ni,MnGa film on GaAs is surprising considering the fact 200 | @H/1110]
that the lattice mismatch is 3%. This result can be explained 100 |
by the high compliance of NMnGa predicted by Godlevsky 0 g
and Rabé&® Their ab initio calculations showed that
Ni,MnGa has a broad free energy minimum with respect to -100 ¢
the tetragonality of its crystal structure. Furthermore, in Fig. -200 |
2(a), two sets of fringes running alond11) directions with e
an average separation ofL nm can be seen. These fringes 200  ®H/1100]
appear to be similar in form to the tweed microstructures 100
observed in ordered compositional or strained semiconductor g
materials such as GaIn&S.lt is speculated that the fringes «fc: 0 3
arise from either displacement or compositional modulations 5-100¢
within the NLMnGa to accommodate the lattice mismatch £-200
between the epilayer and the GaAs substrate. The electron *2’ e e
diffraction pattern of this epilayer also shows diffuse streaks 2 200 E () H //[110]
between the positions of the lattice spots, supporting the idea N i
of longer period, short-range modulation in the epilayer, § 100 ¢
which would also be consistent with the RBS channeling g O0f
minimum yield of 8% rather than the-3% expected for a = -100
perfect unstrained single crystal. 200 L

. . -500 0 500
B. Magnetic properties T T
200 £ (d) H// [001]

Room temperature magnetic properties of the epitaxial :
Ni,MnGa films were measured by VSM. The hysteresis 100
loops with the magnetic field applied along the three princi- 0
pal in-plane directions and the out-of-plane direction are -100 L
shown in Fig. 5. As seen in Figs(&-5(c), no strong in- 200k
plane anisotropy is observed. The coercivity and saturation T
magnetization of the films were50 Oe and~250 emu/cm, -10000 0 10000
respectively. By comparing the out-of-plafiéig. 5(d)] and Field (Oe)

in-plane hysteresis loog&igs. §a)—5(c)], we see there is a
hard axis parallel to the out-of plarﬁeaxis) direction even FIG. 5. Hysteresis_loqps _measured by VSM at_roo_m tgmperature along
after subtraction of the demagnetization effects associate )—(c) the three principal in-plane crystallographic directions tidthe

. ] - t-of-plane direction. The sample shows an easy plane perpendicular to the
with the shape of the sample. Tickle and Ja?nﬂﬂg bulk  growth direction and very weak in-plane magnetic anisotropy.
single crystals of NIMnGa have shown that the high tem-
perature stable cubic pha&eustenite of Ni,MnGa is a soft
magnetic material with very weak anisotropy and the mar-
tensitic tetragonal phase is relatively hard with significant ] ) ) -
magnetic anisotropy. Hence, by comparing the film and pulk Ne slight difference might be due to small compositional
magnetic properties, the soft magnetic behavior with wealvariations in the samples or to tetragonal distortion of the
in-plane anisotropy of the as-grown epitaxial films would bethin film. The magnetization versus temperature data in Fig.
similar to that expected for austenitic-like phase. 6(b) show no evidence of martensitic phase transformation

Low temperature magnetic properties of the films werefor the films attached to the substrate, suggesting that the

measured by SQUID magnetometry and the results arpresence of the substrate may inhibit phase transformation.
shown in Fig. 6. Figure @ shows the hysteresis loop with For actuator design, a martensitic phase transformation
the magnetic field applied along t&10 direction at 10 K. temperature above room temperatuRT) is desired for
The coercivity and the saturation magnetization increased tRIiZMnGa. From bulk measuremerfs®® this could be

~230 Oe and~450 emu/cry respectively. Figure ®)  ,chieved by modifying the overall composition of the mate-
shows the temperature dependence of the relative magneti-

zation (normalized to the value at 10)Kof the epitaxial rial, e.g., from NtMnGa to NpMny Gas. Following this
Ni,MnGa film. The sample was first cooled down to 10 K lead, a sample with a Mn-n_ch composition Of?Mnl-ZG&’-S )
and then warmed while constant magnetic field of 1000 0&'as grown by MBE to realize a RT martensite structure in
was applied parallel to the sample surface. The data from theeleased films. The structural and magnetic properties of the
cooling and warming cycles overlap with each other. From@s-grown sample were characterized by XRD and RT VSM
these results, the Curie temperatdrg is estimated to be and the results are shown in Figs. 7 and 8, respectively. From
~340 K, which is close to the temperature reported for thethese data, it is seen that its properties are very similar to
bulk stoichiometric cubic NMnGalL2; phase(~376 K).>  samples with stoichiometric compositions.
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1 L (b) E FIG. 8. In-plane magnetic hysteresis loop of the epitaxiaMi, ;G& g film
B ] measured by VSM at RT. The coercivity of the loop is 55 Oe.
0.8F .
§ 061 B tent-like structure after the substrate has been removed. The
04F o roof of the tent is symmetric along its center line. The pro-
0.2 F ‘g._ jected angle between the triangle edge and the bound end is
T ] ~55°. At high temperatur¢~100 °O, the bridge becomes
06 el 1(‘)0 L 2(')0 L 3(‘)0 d very flexible and almost reverts back to its original flat form,

Temperature (K}

FIG. 6. Magnetic properties of an epitaxial ,MinGa film obtained by
SQUID measurement$a) In-plane hysteresis loop at 10 K afi) relative
magnetization vs the temperature with a constant 1000 Oe magnetic field
applied in plane.

C. Shape memory effect in free-standing Ni  ,Mn, ,Gag g
films

Free-standing NMn, ,Ga, g bridges and cantilevers
were fabricated using the process shown in Fig. 1. Polarized
optical micrographs and schematic illustrations of the same
free-standing bridge at two different temperatures are shown
in Figs. 9a) and 9b). The size of the bridge is 100mx400
um, and it extends along th@10) direction formed inside a
400 umXx400 um window of GaAs that was removed. The
micrograph in Fig. @a) was taken at room temperature. It
can be seen that the originally flat film pops up and forms a

10 T

-
[=]
;4

-
[
~

w

Intensity (arb. units)
<)

-
o

N
o_m

10 20 30 40 50 60 70 80

(@)

RT
(b)

100 °C

FIG. 9. Optical polarized-light microscope images and corresponding sche-
matic illustrations showing the configurations of releasedWMi, .Ga, g

2¢(degrees) bridges and cantileverga) At room temperature, 40&m long 100 um
wide bridges form a tent-like structure, whereas(l they appear flat at
FIG. 7. 6—20 XRD scan of an epitaxial NMn, -G& g film using CuK« 100 °C.(c) Micrograph of a released cantilever at room temperature, show-
radiation. ing a spiral-like structure.
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as shown in Fig. @). Furthermore, when the sample cools
back down to room temperature, it transforms back into the
configuration in Fig. @a) again.

Figure 9c) shows a room temperature optical micro-
graph of a free-standing cantilever together with a schematic
illustration of its shape. Instead of the tent-like structure seen
for the free-standing bridges, the cantilever forms a spiral-
like structure, which can be seen extending towards the up-
per left corner of the image. The behavior of both bridges
and cantilevers suggests that the free-standing film has trans-
formed into a martensite-like phase after removal of the sub-
strate. This phase transformation within free-standing
bridges has been confirmed by magnetic force microscopy
(MFM) and SQUID measuremerftsIn addition, from those
magnetic measurements, enhanced magnetic anisotropy was
observed in the free-standing filiFurthermore, prelimi-
nary TEM studies have shown the existence of nonmodu-
lated martensite in the film at room temperattfte.

Figure 10 shows a series of polarized-light optical mi-
crographs obtained during thermocycling of a cantilever
from room temperature to 160 °C and back to room tempera-
ture. Figure 10a) was taken at room temperature and dem-
onstrates the spiral-like configuration illustrated in Fi¢z)9
As it is heated, the cantilever film begins to straighten out its
spirals[Figs. 1Gb)—10(d)]. At ~150 °C, the cantilever is al-
most flat and is in a configuration similar to that of the un-
released film and the bridge structure at high temperature.
Images taken during the cooling sequence are shown in Figs.
10(e)-10h). The reverse phase transformation is first ob-
served close to the free end of the cantilever as shown in Fig.
10(e). This is expected because the free end of the cantilever
experiences the least amount of constraint from the GaAs
substrate. In Fig. 1@), a kink parallel tof 100] parent phasdi- v
vides the sample into transformed and untransformed parts. :
As the temperature is reduced further, the dark area grows
mainly from the edge on the left-hand side as shown in Fig.

Heating
Cooling

10(f). Then, at~100 °C, the shape of the cantilever changes SR 2l
dramatically to allow initiation of the first loofFig. 1Q(g)]. .
Finally, at ~60 °C, the cantilever reverts back to the spiral- Cooling

like structure, as shown in Fig. {f). This change in con- ) o ) ) )
figuration repeated itself in all five thermocvcles that WereFIG. 10. Optical polarized-light microscope images of a free-standing
g P ; __y Ni,Mn; ,Ga g cantilever at various temperatures during a thermocycle:
performed, which shows good repeatability of the shapoom temperaturéRT)—160 °C—RT. (8)—(d) Heating to 150 °C ande)—
memory effect. This is consistent with a two-way shape(h) cooling. Uncoiling and recoiling of the spiral cantilever is clearly ob-
memory effect seen in bulk shape memory all&ys. served.
Typically, the temperature hysteresis of the phase trans-

formation betweerl2, austenite and five layer tetragonal

. . o . 3 . ) . ) .
martensite is less than 5°C in bulkMnGa.” However, in gyercome frictional stress from the fixture. This process may

this study, the hysteresis is larger. Tentatively, it is proposegave caused a delayed response from the film.
that this is caused by both internal and external stress applied

to the film. Although the film is free standing, there is still

fairly large constraint from the bound end of the cantilever. _

This stress will make the phase transformations occur at dift- ~éfomagnetic shape memory effect

ferent temperatures, which is confirmed by the fact that the" free-standing Ni- ;MnGa films

fixed end of the cantilever is almost never transformed and Experiments were first performed on the free-standing
the part close to the fixed end is always transformed lateNi,Mn; ;Ga, g bridges and cantilevers to study the ferromag-

than the free end of the cantilever. Moreover, when the cannetic shape memory effect at RT. However, no field-induced
tilever curves down at room temperatiifég. 9c)], the free  strain was observed in the RT martensite structure, which is
end of the film touches the supporting fixture underneath itbelieved to result from the RT martensite being a nonmodu-
Therefore, when phase transformation occurs, the film has tlated structure as confirmed by TEM. According to

Downloaded 08 Oct 2013 to 131.212.231.159. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 95, No. 5, 1 March 2004 Dong et al. 2599

T=250K u 0.72T
H=0 H=12T
FIG. 11. Optical micrographs obtained for a 1@® long 25 um wide 1.20T
free-standing NiMnGa bridge at the temperatures and magnetic figlds- -
pendicular to the sample surfadedicated. The long axis of the bridge is
parallel to(110 of the as-grown film.
240T

Likhachevet al,* this type of martensite demonstrates very
high twinning stress and is difficult to drive with a magnetic
field.

Using a different 900 A thick sample with composition FIG. 12. Optical microscope images obtained for a 3@ long free-
close to that of stoichiometric WnGa, free-standing sFanding NjMnGa bridge during the application of magnetic fields perpen-

. . . . dicular to the sample surface. The sample temperature was 135 K.

bridges and cantilevers with 1@m maximum length were
fabricated following a process similar to that shown in Fig.
1. Figure 11 shows optical micrographs of the same bridge at
temperatures of 135 and 250 K. The long axis of the bridgetanding NjMnGa thin films. Finally, for fields above 1.2 T,
is parallel to the(110 direction of the as-grown sample. At no change in shape was obvious. This might be due to the
135 K, the bridge shows a tent-like structure similar to thatsaturation of strain but clearly more quantitative measure-
in the configuration in Fig. @) for a 400um long bridge in  ments are required to address this issue.
martensite phase at room temperature. Since the composition
of this sample is nearly stoichiometric, it had to be cooled to
low temperature to be transformed into martensitey, coNnCLUSIONS
phase'®~**When the sample is heated to 250 K, a change in
configuration due to the reverse thermo-martensitic phase Pseudomorphic NMnGa and NjMn, ;Ga, g films 900
transformation is observed. Visual observation confirmed? thick were grown by MBE or{001) GaAs substrates using
that this phase transformation was repeatable with two disa six monolayer thick SGEr, /As interlayer. The as-grown
tinctive transformation temperaturél,s (martensite start films have a tetragonal structure with=b="5.65A andc
temperatureand T, (austenite start temperatyrat ~200 =6.18 A. At room temperature, the films are ferromagnetic
and ~180 K, respectively. As shown in Fig. 11, application with very weak in-plane magnetic anisotropy. The Curie
of a magnetic field of 1.2 T perpendicular to the sampletemperature of the films is-340 K. Constraint of the sub-
surface at 135 K caused a change in the shape of the bridgstrate inhibits martensitic phase transformation. Removal of
which strongly indicates the occurrence of field inducedthe substrates to release the films enables martensitic phase
strain or the ferromagnetic shape memory effect in theransformation in the free-standing single crystal films to oc-
bridge. However, this latter phenomenon was not observed a&ur. Free-standing MMnGa bridges and cantilevers were
250 K, demonstrating the absence of the ferromagnetic shagabricated through a combination of front and back side pho-
memory effect in austenitic phase. tolithography and etching. After removal of the GaAs sub-

Figure 12 shows a series of optical images obtained fronstrate, NjMn; sGa, g films transform into martensitic phase
a free-standing bridge that was subjected to a perpendiculat room temperature, which showed the two-way shape
magnetic field at 135 K, i.e., in martensitic phase. A clearmemory effect upon thermocycling. The ferromagnetic shape
change in shape with an increase in magnetic field is obmemory effect was demonstrated in free-standing stoichio-
served. This change was reversible when the magnetic fielohetric NbMnGa bridges and cantilevers at 135(lK mar-
was ramped down and the behavior was cyclical during théensitic phasewith magnetic fields applied perpendicular to
10 magnetic field cycles performed. The precise shape of thihe sample surface. No ferromagnetic shape memory effect
bridge at different fields is difficult to determine because ofwas found at higher temperatures in austenitic phase. These
the complex illumination conditions in the cryostat but theseresults support the possible use of free-standing single-
results clearly demonstrate the occurrence of the ferromagrystal NbMnGa film in MEMS actuators that allow remote
netic shape memory effect in the martensitic phase of freeactuation with large reversible strain.
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