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Freestanding Single Crystalline Fe—Pd Ferromagnetic Shape
Memory Membranes — Role of Mechanical and Magnetic
Constraints Across the Martensite Transition

Yanhong Ma, Annette Setzer, Jiirgen W. Gerlach, Frank Frost, Pablo Esquinazi,

and S. G. Mayr*

Substrate-attached and freestanding single crystalline Fe;oPd;, ferromag-
netic shape memory alloy membranes, which were synthesized by molecular
beam epitaxy on MgO (001) and later released from their substrates, are
characterized with respect to their structural, thermal and magnetic proper-
ties. Residing in the two-phase region of austenite and the correct martensite
phase with face centered tetragonal (fct) structure at room temperature, they
reveal martensite transition with little hysteresis at 326 K and 320 K, respec-
tively. Comparing substrate-attached with freestanding films, which show
fundamentally different magnetic fingerprints, it is proposed that domain
structure is capable of posing a bias on the austenite — fct-martensite phase
transition by favoring martensite variants with their easy axis aligned along
the field — just as the substrate constitutes a mechanical constraint on the
transition. If confirmed, this would suggest thermo-magnetic actuation as an

resistance, lower brittleness and better
biocompatibility.>1718 In the latter, mag-
netically switchable strains up to 5% are
attainable in presence of a single crystal-
line martensitic face centered tetragonal
(fct) phase, while the competing body cen-
tered tetragonal (bct) and body centered
cubic (bcc) martensite phases, as well as
the face centered cubic (fcc) austenite (“y*
phase) need to be prevented.®*l Conven-
iently synthesized at elevated substrate
temperatures within the austenite phase
by molecular beam epitaxy (MBE) on
MgO substrates,”) the films need to trans-
form to fct martensite before reaching
the desired operating temperature and

alternative where only moderate magnetic fields are feasible, but moderate

temperature changes are possible.

1. Introduction

Due to their strong magneto-mechanical coupling, magnetic
shape memory (MSM) alloys recently have attracted tremen-
dous scientific interest as novel multiferroic material for
actuator or strain sensor applications in microsystems.'" In
addition, they reveal all features of conventional shape memory
alloys, such as superelasticity or the thermal shape memory
effect.’l While strain levels as high as almost 10% have been
reported in Ni-Mn-Ga single crystals,”! Fe-Pd based>® thin
films®1U and membranes!!> have attracted interest for
complementary applications!'>¢l that require higher corrosion
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must be lifted-off the substrate to allow
for motion of twin boundaries by relieving
substrate constraints. While chemical-
etching-based substrate lift-off, accompa-
nied by post-annealing, recently has been
demonstrated to yield the desirable fct martensite phase,?” we
have found in the present investigation that post-annealing
can be omitted if a sufficiently high substrate temperature is
employed during MBE.

The present contribution aims to give a thorough survey of
the structural, thermal and magnetic properties of freestanding
single crystalline Fe-Pd membranes, which reveal fundamen-
tally different signatures than their substrate-attached coun-
terparts. As possible explanation we propose, that — due to
magneto-mechanical coupling — magnetic domain structure
imposes a boundary condition to bias variant selection during
austenite — martensite transition in freestanding films, which
might prove to be of high relevance for alternative actuation
concepts in future.

2. Results and Discussion
2.1. As Prepared Fe—Pd films on MgO (100) Substrates

Atomic force microscopy (AFM) measurements of 500 nm thick
Fe;(Pds single crystalline films grown on MgO (100) substrates
(Figure 1a) unveil — besides crystalline facets — regular zig-zag
type of surface modulations with a periodicity of 150-200 nm
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Figure 1. a) AFM surface topography of as-prepared martensitic Fe—Pd
films on MgO (100) substrates and b) underlying structural model. The
regular pattern arises from periodic repetition of two different adjoined
martensite variants (c).

and a very moderate height of approx. 2.5 nm,
as visualized in the characteristic height pro-
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martensite transition. From simple geometric considerations,
the formula € = 45°-arctan(c/a) is readily derived, which relates
tetragonality, c/a, with the characteristic angle of the surface
zig-zag profile, €. As first suggested by Bain,??! ¢c/a can be used
as order parameter to describe the transformation from face
centered cubic 1 (fcc) to body centered cubic 0.707 (bcc) struc-
ture (“Bain path”) with the two tetragonal phases, 0.94 (fct) and
0.72 (bct), in between. Averaging over 12 profiles, an angle of
1.6° is obtained from AFM measurements yielding a c¢/a ratio
of 0.946, which indicates the film is in fct structure.

To quantify austenite <> martensite transition in substrate-
attached films, temperature dependent X-ray diffraction (XRD(T))
and magnetization (M(T)) measurements were conducted. The
XRD diffractograms (Figure 2a) of as prepared films at room
temperature are characterized by one very sharp peak at 42.9°
originating from the single crystalline MgO (100) substrate,
while the other two peaks have to be attributed to austenite fcc
(200) and martensite fct (200), viz. the films constitute a mixture
of austenite and martensite phase. We focused our studies on
the temperature dependence of the XRD for these (200) Bragg
peaks in the following. When the temperature is increased to
308 K the fct (200) peak becomes weaker in intensity while the
fce peak is the dominating peak. Above 328 K, the film exhibits
only a single fcc (200) reflection. As no other diffraction peaks
are observed, this indicates that the film transfers from mar-
tensitic phase to austenitic phase completely at about 328 K,
which we identify as austenite finish temperature. When sub-
sequently decreasing temperature to room temperature, the fct
(200) diffraction peak starts to grow, while the intensity of fcc
(200) peak decreases reversibly. That is, the austenite transforms
back to fct martensite during cooling. By further decreasing
temperature down to 200 K, the fct peak keeps increasing in
intensity, while the fcc peak becomes quite weak. Therefore, the
films have a martensitic phase at 200 K with a small amount
of austenite remainders, presumably located in proximity to the
substrate, which suppresses transformations there. Within this
context it is interesting to point out, that only one martensite
fct (200) peak is observed at smaller angles than the fcc (200)
peak, viz. only variants with the long a-axis perpendicular to the
surface are favored during austenite — martensite transition
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Figure 2. a) Austenite (fcc) to martensite (fct) phase transition in Fe-Pd films on MgO
(100) observed by temperature dependent XRD measurements and b) corresponding lattice
parameters. dg and a denote the cubic austenite and tetragonal martensite lattice parameters,
respectively; both phases are present, were ag and a are given.
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along the external field, this is reflected by
an increasing magnetization in Figure 3a. It
is worth emphasizing, that average magnetic
domain structure almost reversibly changes
back upon cooling-down, as indicated by only

\

a slight hysteresis. From the location of max-
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Figure 3. a) Temperature dependent magnetization measurements on martensitic Fe—Pd film
on MgO (100) substrate. b) Sketch of martensite variants as well as austenite structures during

M(T) measurements.

and subsequent cooling down due to substrate constraints
(growth stresses and differences in thermal expansion between
Fe-Pd and Mg0).2?3 Furthermore, the temperature dependence
of lattice parameters calculated from peak positions on cooling
are plotted in Figure 2b. The lattice parameter a, of austenite
remains almost constant during measurement presumably due
to the invar properties of this alloy with an average value of
0.3757 £ 0.0001 nm, which agrees well with the literature value
of 0.3752 nm for austenitic Fe;,Pd;,.2* Tetragonality, on the
other hand, increases with proceeding cooling, as indicated by
an increase of a.

To independently confirm the above structure-based pic-
ture of a phase transition between austenite and a two-variant
martensite phase with the short axis always aligned in-plane,
we performed superconducting quantum interference device
(SQUID) magnetometer measurements at moderate external
fields aligned in-plane. All specimen were first heated up from
room temperature to 400 K while applying a field as moderate
as 300 Oe parallel to the sample surface. Then field cooling and
field heating magnetization measurements with a temperature
sweep rate of approx. 2 K min~! were carried out ranging from
400 K to 200 K as shown in Figure 3a; arrows mark the direc-
tion of temperature variation. It is clearly visible that magneti-
zation almost reversibly increases as a function of temperature
up to =326 K, while following a decay above. While the latter
is expected, we interpret the former in terms of the two-variant
microstructure (Figure 3b), as saturation magnetizations of mar-
tensite and austenite have been demonstrated
to differ only by a few percent® and thus

imum magnetizations, the martensite start
temperature (M) and austenite finish tem-
perature (Ay) are determined by the tangential
method to be 324 K and 326 K, respectively.
Consequently, the phase transformation tem-
perature is confirmed by XRD(T) and SQUID
independently to occur at about 326 K for
the martensitic Fe-Pd thin films attached on
MgO substrates.

C
a
a

2.2. Freestanding Fe—Pd Films

As a step towards an actuator, the films were released from
the substrates by chemically dissolving the MgO substrate
leaving crystal structure, phase and composition of these films
intact.?%? From temperature dependent X-ray diffraction
measurements (Figure 4a) it becomes obvious that until 320 K
only fcc (200) and bece/bet (110) peaks are observed, while upon
cooling the fcc (200) peak splits into two peaks indexed as fct
(200) and fct (002). We would like to emphasize, that occurrence
of both peaks indicates presence of variants with their short axis
aligned in plane and normal to the freestanding film, whereas
substrate constraints prevent normal orientation in substrate
attached films (Figure 2a). While we relate the bcc/bet peaks to
the surface regions of the freestanding film,?®! Figure 4a clearly
demonstrates presence of a reversible fcc-fct transformation.
We would like to note that the intensities for freestanding films
are much lower than for films on substrates—even upon ® opti-
mization - due to buckling of the former. The corresponding
lattice parameters (Figure 4b) at room temperature were deter-
mined to be: a = 0.3801 £ 0.0001 nm; ¢ = 0.3626 + 0.0001 nm
for fct martensite, and a = 0.2955 +£0.0001 nm for bcc/bct,
respectively. In fct martensite, the c/a ratio of 0.95 which is
close to the ¢/a ratio estimated from AFM measurements while
still attached on substrate (Figure 1). During cooling, the length

cannot explain this observation: As in Fe-Pd @) e ®e,0

fct martensite the easy axis of magnetization 1401 feq(200) | —oox | sss] . a —a—aforfot

is the longer a axis,*®l shape anisotropy of the g, 1 beobet(110) - = 30] T~ ::::‘;L:::c
film enforces in plane magnetization and the § 100 1 %azsl a0 ]
external magnetic field is too weak to enforce  § s o
reorientation, only half of the variants will & 801 ] §3'70- 1
have their magnetization directed parallel to é 601 8 361 c ]
the applied magnetic field deep in the marten-  ~ 407 1 5% a cool down
site state. This changes dramatically during the 201 1 3551 — 1
martensite — austenite transition, where both

variants equivalently become cubic with one of
their three easy axes (and thus magnetization)
directed along the locally applied field.
While magnetic domain structure changes
in favour for alignment of magnetization
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Figure 4. a) Austenite to fct-martensite phase transition in a freestanding film observed by
temperature dependent XRD measurements and corresponding lattice parameters (b). ay and
a /c denote the cubic austenite and tetragonal martensite lattice parameters, respectively; both
phases are present, were ag and a/ ¢ are given.
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of the a and c axes decrease and increase gradually, respectively,
corresponding to a decrease of the c/a ratio from 0.95 to 0.92.
While martensite transition occurs around 320 K, the average
lattice parameter a, for fcc austenite phase is determined to
be around 0.3731 £ 0.0001 nm, which is less than for the film
attached on MgO substrate.

Magnetization M(T) curves determined for martensitic
freestanding thin films at external fields of 20 and 300 Oe,
respectively (Figure 5a and b), show a more complex scenario:
Magnetization exhibits a monotonic increase when heating the
samples for the first time from room temperature up to 400 K,
while remaining virtually constant after successive cooling and
heating (demonstrated only for 300 Oe as shown in Figure 5b).
To interpret these observations, it is instructive to relate M(T)
to the XRD(T) measurements, as schematically sketched in
Figure 5c. Based on X-ray diffraction (Figure 4a) all three mar-
tensite variants (1, 2 and 3) exist in this film at room tempera-
ture, while only two of these variants, e.g., 1 and 3, have one of
their long crystallographic axes (the easy axes of magnetization)
aligned parallel to the local magnetic field,®! During marten-
site — austenite transformation in the course of heating, the
symmetry changes from tetragonal to cubic; as all principal
axes become easy axes of magnetization, domain structure
changes in favor for increased parallel alignment of magnetiza-
tion along the external field, viz. austenitic films reveal a higher
apparent magnetization, basically similar to substrate-attached
films (Section 2.1). However, when comparing these findings
with the XRD(T) measurements discussed above (Figure 4a),
it seems at first glance contradictory that the XRD(T) results
show the phase transformation temperature at around 320 K,
whereas the increase of magnetization can be still observed up
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Figure 5. Temperature dependent magnetization measurements on martensitic freestanding
Fe—Pd film with external magnetic field of a) 20 Oe and b) 300 Oe. c) Sketch of martensite

variants as well as austenite structures during M(T) measurements.

wileyonlinelibrary.com

Martensite: a
Jo.902 artensite: . ’
400

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mok

www.MaterialsViews.com

to 400 K, i.e., within austenite. Two possible explanations can,
in fact, account for this: Firstly, in presence of external fields
as low as 300 Oe, the sample is still not revealing saturation
magnetization (as also confirmed by the absolute magnetiza-
tion levels), viz. a magnetic domain structure certainly will be
present. Increase of magnetization with increasing temperature
could thus result from thermally-assisted migration of domain
boundaries (thermally activation across obstacles or motion
due to reduced anisotropy at elevated temperatures). Secondly,
increasing magnetization could also result from formation of
pre-martensite (in the sense of fluctuations along soft-modes
towards martensite) within austenite at these temperatures,
which is influenced by the applied magnetic field. In fact, pre-
vious mechanical measurements have indicated presence of
pre-martensite at these temperatures.'l In any case, magneti-
zation of freestanding films — when compared with substrate-
attached films — shows strong signatures of de-pinning upon
heating for the first time.

Upon cooling and further re-heating (demonstrated only for
300 Oe as shown in Figure 5b) magnetization continuously
remains at an as elevated level as in austenite, while finger-
prints of an austenite <> martensite phase transition are only
very weak — like for substrate-attached films (Section 2.1) the
austenite <> martensite transition also occurs at the absolute
magnetization maximum, which is, however, much less pro-
nounced for freestanding films. As all involved phases are
known to reveal a comparable level of saturation magnetiza-
tion,2¥ these results strongly indicate absence of significant
changes of the average magnetic domain structure during
austenite <> martensite transition in freestanding films, in con-
trast to substrate-attached films, which reveal a greatly reversible
evolution of domain structure upon heating
and cooling. In the bottom line, presence
and absence of substrate constraints correlate
with irreversibility and reversibility of average
magnetic domain structure, respectively.
While for substrate-attached films, magnetic
reversibility can readily be understood in
terms of substrate-enforced structural revers-
ibility, which transfers to magnetic structure
via magneto-mechanical coupling, structural
reversibility is lost in freestanding films. We
assume, that when cooling-down austenite
through the martensite transition, magnetic
domain structure poses a bias in the sense
that — in the absence of external boundaries
— variants with their easy axis of magnetiza-
tion aligned to the local field are preferred
(Figure 5c). Thus magnetic domain struc-
ture could pose a boundary condition to
bias selection of martensite variants in free-
standing films, while mechanical boundaries
enforced by substrate constraints dominate
substrate-attached films. Clearly additional
confirmation is necessary in future; this pro-
3 posed scenario could, however, pave the way
for thermo-mechanical switching with fields
as low as some tens of Oe, as the latter can
influence the domain structure. In particular

Adv. Funct. Mater. 2012, 22, 2529-2534
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when increasing sample temperature even beyond 400 K, viz.
towards the Curie temperature. In view of typical switching
fields in the range of some T required for reoriention of mar-
tensite variants in conventional MSM materials, this scenario
thus would be highly exciting as it would provide novel ther-
momagnetic actuators switchable by several orders of lower
magnetic fields as in the conventional MSM effect. As further
confirmation and for exclusion of possible measuring artifacts,
we prepared a purely austentic freestanding single crystalline
film by MBE at a slightly lower deposition temperature, which
— according to this interpretation — should not reveal this
effect; this, in fact, is confirmed in Figure 6. For the sake of
completeness we evaluated the Curie temperatures (T¢) for this
austenitic freestanding film according to Kuz'min's model.l?’]
The parameters f§ = 1/3, p = 5/2 and shape parameter s = 1
were kept constant to determine T¢ by a fit of the relative mag-
netization curves,!®l yielding 677 K which is close to the T¢
value of 600 K for bulk samples reported in the literature.3%31
The slight difference might be due to the deviations from the
Kuz'min's model fit by employing constant parameters f3, p and
shape factor s.

3. Conclusions

To conclude, we characterized and compared the structural,
magnetic and thermal properties of substrate-attached and
freestanding single crystalline Fe;oPds, thin films, which were
prepared without post-annealing treatment by MBE at substrate
temperatures of 1120 K or higher, subsequently quenched and
later released from the substrate. As observed in XRD(T) meas-
urements and — for the first time - AFM surface topographies,
these films reside at room temperature in the two-phase region
of fct-martensite and austenite. The fct-martensite <> austenite
transition temperatures were detected to be 326 K and 320 K
with little hysteresis for substrate-attached and freestanding
films, respectively, as determined from XRD(T) and - for
substrate-attached films — by temperature dependent SQUID
magnetization measurements. To interpret the results, we
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Figure 6. Temperature dependent magnetization measurements on
austenitic freestanding Fe—Pd films.
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propose that austenite — martensite transition in freestanding
films is susceptible to magnetic domain structure, which poses
an external boundary — just as mechanical constraints for
substrate-attached films. These concepts could pave the way
for employing Fe-Pd based membranes as magneto-thermal
actuator in integrated devices, where magnetic fields as large
as some Tesla (as required by the conventional MSM effect)
are unavailable, but heating e.g., by directing electric current
through the membrane is no great challenge.

4. Experimental Section

Single crystalline Fe;oPd;q thin films with 500 nm thickness were
deposited onto MgO (100) substrates at 1120 K by molecular beam
epitaxy (MBE) using ultra high vacuum (UHV) conditions (base pressure
better than 107 mbar) as described before.'8 The films discussed
presently were grown in the equilibrium y phase (disordered fcc,
austenite) with a total rate of about 0.15 nm s™' from two independently
rate-controlled electron beam evaporators. After deposition, samples
were cooled down fast enough to suppress decomposition into stable,
ordered L1, phase (FesoPdso) and o-Fe with the help of a surrounding
liquid nitrogen cryo shield."® A saturated sodium bicarbonate solution
was used to lift the films off their substrates, leaving the film structurally,
morphologically and chemically intact; more details about the film
deposition and lift-off procedures were described previously.?% For all
films energy-dispersive x-ray spectroscopy (EDX) using a Zeiss Ultra
55 field emission scanning electron microscope) was employed to verify
the chemical composition before and after lift-off. Thin film surface
topographies were characterized with a resolution of 1024 x 1024 pixels
by atomic force microscopy (AFM-Bruker Dimension Icon AFM using
Olympus AC160TS cantilevers with a nominal tip radius of 7 nm) in
tapping mode. Temperature dependent XRD measurements from 200 K
to 400 K employed a two-circle, URD 63 diffractometer (Seifert-FPM)
equipped with a vacuum chamber (HDK S1, Buehler, Germany) with
a base pressure better than 5 x 107> mbar to prevent condensation
of humidity/ ice formation at low temperatures. The XRD patterns
were recorded from 41° to 53° (26) with a step width of 0.01°. During
measurements, the desired temperatures between 200 K and 400 K were
obtained by balancing liquid nitrogen flow and output power of a resistive
heater underneath the substrate (using a REP 1800 heating controller).
Temperature dependent magnetization measurements (200 K to
400 K; temperature sweep rate approx. 2 K min~') were performed by a
superconducting quantum interference device (SQUID) magnetometer
MPMS-7 from Quantum Design in presence of an in-plane external
magnetic field of 300 Oe and 20 Oe, respectively. While the films atop
of substrates were cut into 5 mm x 5 mm pieces by a wafer-saw and
mounted in a plastic straw of 5 mm diameter directly, freestanding films
were fixed on a stick, which was subsequently inserted into the straw.
The phase-transformation temperature was determined by the tangent
method.
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