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With current non-volatile memory technology approaching intrinsic storage
density limits, new data storage technologies are under development. Probe-
based storage systems provide alternatives to conventional mass storage
technologies. Ni-Mn-Ga, a ferromagnetic shape memory alloy (FSMA), is
proposed as a medium for multi-bit storage using scanning probe micro-
scopy (SPM) techniques. Local modifications of the magnetic stray field were
achieved using nanoindentation. Magnetic poles collect within the indenta-
tion, which is leveraged to control the magnetic stray field for the patterning

nanoindentation,’) where a diamond
probe was used to induce indentations on
a thin film of nickel-titanium. The inden-
tation partially recovered by heating from
the martensite phase into the austenite
phase. Plastic deformation, by lattice dis-
locations, restricted complete recovery.
While providing enhanced storage density
capacities, the constraint of two bits per
cell limits the long term potential of these

of magnetic information. Four magnetic-based memory states are possible
due to magnetic field or stress-induced twin rearrangement along two crystal

orientations, each with two possible magnetic orientations.

1. Introduction

Ultrahigh density data storage requires materials with non-
volatile memory states that exhibit predictable switching
thresholds. In the case of probe-based storage, the interaction
of a nanometer sharp probe with the storage medium enables
the reading, writing and erasing of data. Storage mechanisms
include topology (thermomechanical indentations),!!l polari-
zation (tip-sample electrical field)® and electrical resistance
(phase change)B¥! depending on the storage medium (polymer,
ferroelectric and chalcogenide material systems). Thermome-
chanical data storage, using polymer material systems, is the
most mature where storage densities of 4 Tb/in? have been
demonstrated.l! For thermomechanical storage, a heated probe
comes into contact with the polymer medium and creates an
indentation, which represents a logical 1. The same probe
senses (reads) the change in topography due to the indentation.
Changes in topography as a mechanism for storing data have
also been applied to conventional shape memory alloys using
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techniques. With the use of Ni-Mn-Ga as
the storage medium, we can attain addi-
tional levels of information within each
bit through mnanonindentation-induced
changes in the local magnetic stray field.

Ni-Mn-Ga alloys exhibit large plastic
strains of up to 10% when exposed to a magnetic field (direct
effect) or stress (inverse effect).>"1% While the strains are plastic,
by inducing a permanent macroscopic shape change, the orig-
inal shape can be recovered thermoelastically or with an exter-
nally applied magnetic field. Twin boundary motion accommo-
dates the large magnetic-field-induced strains (MFIS) resulting
in the growth of martensite variants that contain magnetic
moments preferentially aligned to the applied field. In the case
of stress-induced compressive deformation, martensite variants
with the axis of easy magnetization (the crystallographic ¢ direc-
tion) parallel to the applied stress grow, thus changing the total
magnetization. This stress induced change in magnetization
can be leveraged for memory and sensor applications.

Twinning, as the primary deformation mechanism of Ni-
Mn-Ga, is achieved with applied compressive stresses as low
as 0.1 MPa for high-purity alloys that exhibit twinning mode
II. Impurities and twinning mode I lead to higher twinning
stresses.l”!!l Microscopically, twin boundaries host a series of
twinning disconnections.'”l The disconnections, line defects
in the crystal interface, generate a local stress field at the twin
boundary. Twin boundary motion induced by a mechanical
stress is the result of the interaction of the macroscopic stress
field with the stress concentration of the disconnection. At
a critical stress, disconnection motion, thus twin boundary
motion, occurs. Thus, by inducing plastic deformation at the
nanoscale, local changes in magnetization may proceed.

While stress-induced deformation and corresponding
changes in magnetization have been well established at the
macroscopic and mesoscopic scales,®13716 research linking
nanoscale deformation to changes in local magnetic proper-
ties has received less attention. A majority of the work at the
nanoscale has been focused on nanomechanical properties and
deformation behavior as a function of composition, surface
condition or twin orientation.'’-2!l The work presented here
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provides insight into deformation mechanics and the magnetic
response of a ferromagnetic shape memory alloy (FSMA) at
the nanoscale. We performed nanoindentation, atomic force
microscopy (AFM) and magnetic force microscopy (MFM)
with a scanning probe microscope to indent and to measure
topography and magnetic structure. We created nanoindenta-
tion arrays to evaluate the effect of indentation spacing and size
on the magnitude and morphology of the local magnetic stray
field. The stresses associated with nanoindentation using a
sharp diamond probe resulted in plastic deformation, through
a combination of lattice dislocations and twinning disconnec-
tions, which changed the local magnetic structure sensed using
MFM. We demonstrate that indentation load, spacing, and size
control the local magnetization. The ability to tune local stress
to control local magnetization can be leveraged for the pat-
terning of magnetic information for memory applications.

2. Results and Discussion

A series of 5 x 5 arrays of indentations were made on the
polished {100} face of the Ni-Mn-Ga single crystal. For these
arrays, indentation loads ranged from =5 to 26 uN with spac-
ings from 25 to 200 nm. Following indentation, AC mode and
constant height imaging were performed using CoCr coated
silicon cantilevers. Corresponding topography and MFM phase
images are shown in Figure 1. Prior to indentation, the entire
surface exhibited neutral contrast. Neutral contrast indicates
that the magnetization, thus the c-axis (due to the high magne-
tocrystalline anisotropy of Ni-Mn-Ga), is parallel to the surface.
For regions plastically deformed by nanoindentation, the MFM
image reveals a localized change in the magnetic stray field
from neutral to strong contrast (black and white). Out-of-plane
magnetization consists of the magnetic stray field directed into
(black) or out of (white) the surface.

For the 26 uN/200 nm indentation array in Figure 1b, each
indentation resulted in a distinct dark and bright region. Along
the horizontal direction, the dark and bright regions tended to
merge such that a continuous dark/bright response formed for

26 uN, 100 nm
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each row of indentations. When the spacing was reduced, from
200 to 100 nm, a change in the local magnetic contrast occurred.
Instead of each row exhibiting a relatively consistent dark and
bright contrast, an apparent coupling occurred within the array.
The top and bottom row showed enhanced magnetic contrast
while the middle rows exhibited a muted dark/bright response.
The magnitude of the dark and bright regions was intensified
compared to the 26 uN/200 nm array. Decreasing the load from
26 to 13 and 10 puN resulted in a change in magnetic contrast
similar to that of the 26 uN/200 nm array: continuous dark and
bright contrast for each row of indentations. Reducing load and
spacing further to 7.5 and 6.5 uN and to 50 nm resulted in a
magnetic response similar to that of the 26 uN/100 nm array.
Here, the contrast was more significant at the bottom and top
rows of the array, and the intermediate rows exhibited reduced
dark/bright contrast. From this series of indentation arrays
shown in Figure 1b, five major trends arose: i) each indenta-
tion resulted in both dark and bright contrast, ii) a direction-
ality of dark to bright contrast existed, where dark contrast was
below the bright contrast, iii) as the indentation load decreased,
the magnitude of the magnetic contrast decreased, iv) indenta-
tion induced magnetic stray fields coupled to neighboring stray
fields and v) the top and bottom edge of small pitched arrays
had an enhanced dark/bright contrast.

Because of the high magnetocrystalline anisotropy of Ni-
Mn-Ga, the dark and bright regions of contrast in the MFM
images are typically indicative of domains within a martensite
variant with the c-axis normal to the sample surface. Thus,
the strong contrast in the indents may indicate stress-induced
twinning that switches the crystallographic ¢ direction (i.e.,
the easy axis of magnetization) from parallel to the surface to
perpendicular to the surface. To examine the validity of the
stress-induced twinning hypothesis, the Ni-Mn-Ga sample was
heated to the austenite phase and held at 75 °C for 20 min,
cooled to room temperature and then re-imaged. By cycling
through the martensitic phase transition, stress-induced twins
recover thermoelastically. If twinning caused all the deforma-
tion, the indentation would not conform to the indenter geom-
etry, but instead exhibit the appropriate surface relief consistent

-5.0°
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Figure 1. a) AFM topography and b) MFM phase image of 5 x 5 indentation arrays showing the patterning of magnetic information on Ni-Mn-Ga
using nanoindentation. The indentation loads range from 5 to 26 LN with a separation between indentations ranging from 25 to 200 nm. The c-axis
is parallel to the sample surface with the magnetization direction indicated by the white arrow. The indentation arrays exhibit a dark/bright magnetic
contrast which indicates a change from in-plane, magnetization (neutral contrast) to out-of-plane magnetization (strong contrast). The scale bar in
(b) applies to both images.
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Figure 2. a) AFM topography image of 26 UN/300 nm array before heating to above the martensitic phase transformation temperature. b) AFM
topography image of the same array after heating and cooling through the martensitic phase transformation. Both images were captured at room
temperature. c) Cross-section of indentations before and after heating indicated by dashed lines in (a) and (b). The difference in indentation depth is
due to thermoelastic recovery of twins. The shift in the indentation locations is due to the formation of self-accommodating martensitic twins forming
during cooling. A new twin, encompassing the indentations, formed with the c-axis parallel to the long axis of the image. Originally, prior to heating/

cooling, the c-axis was parallel to the short axis of the image.

with the 10M martensite Ni-Mn-Ga twinning angle, and fully
recover upon heating and cooling. Figure 2 shows a portion of
a 26 uN/300 nm array before (Figure 2a) and after (Figure 2D)
heating through the martensitic phase transformation. Prior
to heating, the indentation depth, based on averaging the
maximum depths for each of the 10 indentations, was 21.9
2.2 nm. Upon cooling to room temperature from 75 °C, the
indentations partially recovered to a depth of 15.0 + 2.7 nm. A
line scan in Figure 2c demonstrates the difference in indenta-
tion depths. On average, the indentations recovered 31% upon
cycling through the martensitic phase transformation. Thus,
the deformation induced by indentation was attributed to both
lattice dislocations and twinning. This is evident by the incom-
plete recovery of the indent; the indent remnant is permanently
deformed due to lattice dislocations. The magnetic contrast per-
sisted, even after being thermoelastically recovered. Therefore,
localized stress-induced twinning did not significantly con-
tribute to the local magnetic stray field.

The modification of the local magnetic stray field is not
related to deformation twinning; rather, the magnetic contrast
in the MFM images were the result of creating new surfaces for
magnetic poles to collect. Similar to the principles of magnetic
particle inspection? and the Bitter method,?*l where magnetic
stray fields facilitate the imaging of magnetic inhomogeneities
(e.g., cracks and domain walls), MFM senses the local magnetic
stray fields. On the nanoscale, the indentations disrupt the mag-
netic flux lines parallel to the surface. This disruption results in
the formation of positive and negative magnetic poles on oppo-
site sides of the plastically deformed regions, which modifies
the local stray field (Figure 3a).2*l The probe, with a magnetiza-
tion vector pointing toward the sample surface, is repelled from
the positive poles causing bright contrast. Negative poles attract
the probe and cause a dark contrast. The location of positive
and negative magnetic poles that collect within topological fea-
tures, such as scratches and indentations, depends on the direc-
tion of the magnetization vector within the sample.[?+2¢]

The MFM images in Figure 3b,c provides an instructive
demonstration of the relationship between the magnetization
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vector and the orientation of the dark/bright contrast. A load
of 128 uN with a period of 500 and 750 nm created the arrays
in Figure 3b. For the arrays in Figure 3¢, with a constant pitch
of 500 nm, the indentation load varied from 12.8 to 76.8 uN.
The MFM images show a variety of magnetic features: i) spike
domains, which have recently been characterized for Ni-Mn-
Ga,?l ii) out-of-plane and in-plane twin variants, iii) a 180°
domain wall, and iv) indentation and scratch induced changes
in magnetization. The magnetic features emanating from the
out-of-plane to in-plane twin boundary are a form of spike
domains (Figure 3b). Spike domains form 180° domain walls
to minimize magnetostatic energy and are typically associated
with pinning sites (inclusions, pores, chemical inhomogenei-
ties, grain boundaries), surfaces that are slightly tilted from the
crystallographic easy axis of magnetization, and twin bounda-
ries.”’~2% The intersection of indentation arrays with the spike
domains resulted in a reversal of the dark/bright contrast
direction. The reversal was caused by the switching of positive
and negative magnetic poles. Similarly, an indentation array
intersected an in-plane 180° domain wall (Figure 3c) exhib-
iting a corresponding change in the directionality of the dark/
bright contrast. On one side of the array, for each indentation,
the dark/bright contrast was from bottom to top and on the
opposite side of the array, the contrast was from top to bottom.
Indentation arrays on either side of the 180° domain wall exhib-
ited the same phenomenon.

The switching of the dark and bright contrast, as a function
of magnetization direction, provides the basis for establishing
a multi-state memory device using Ni-Mn-Ga as the medium.
Magnetic information is stored, by way of the magnetic poles,
about the locally deformed region. The magnitude and mor-
phology of the magnetic information can be manipulated by
indentation spacing and load. An apparent coupling of the
magnetic stray fields emanating from the indentations resulted
in the formation of linear regions with a persistent stray field,
herein referred to as perpendicular coupling (because the
coupling occurs normal to the c-axis), of dark or bright contrast
(Figure 1, 3 and Figure 4). For arrays with an indentation spacing
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Figure 3. a) Cross-section schematic of an indentation, the formation of positive and negative poles, and the resulting magnetic stray field sensed
with a CoCr coated silicon cantilever. The magnetization vector points to the left, resulting in a bright contrast on the right and dark contrast on the
left of the indentation. b) MFM phase image of arrays formed with an indentation load of 128 uN and a spacing of 500 and 750 nm. The twin with the
c-axis perpendicular to the sample surface exhibits a maze pattern of dark/bright contrast associated with 180° magnetic domains perpendicular to
the surface. Spike domains, emanating from the out-of-plane to in-plane twin boundary, rotate the local magnetic stray field 180° from the prevailing
in-plane magnetization direction. ) MFM phase image of arrays with a constant pitch of 500 nm and loads ranging from 12.8 to 76.8 uN showing
the relationship between indentation load and the magnitude of the phase contrast. d) Phase shift cross-section, indicated by the dashed line in (c),
for applied loads of 76.8, 51.2, and 25.6 UN. e) Relationship between applied load and magnetic contrast for all arrays shown in (c). The scale bar in

(c) also applies to (b).

of 500 nm, (Figure 3c) indentation loads of 12.8, 19.2 and 25.6
resulted in each indentation exhibiting a distinct dark/bright
contrast (i.e., coupling perpendicular to the crystallographic
¢ direction was not observed). However, at a load of 51.2 uN,
coupling perpendicular to the magnetization direction became
evident and more prevalent for the array formed with a 76.8 uN
load. As the indentation spacing was decreased (at a constant
load of 26 uN) from 200 to 100 nm (Figure 4a,b), a second
coupling phenomenon occurred, in which the magnetic poles
appear to accumulate at the top and bottom of the indentation
array, resulting in a magnetic stray field with an enhanced dark
and bright contrast. The enhanced coupling became even more
pronounced as the indentation spacing decreased from 100 to
50 nm (Figure 4b,c).

Contributions from the MFM probe, due to spatial resolu-
tion limitations, result in the averaging of stray fields ema-
nating from closely spaced indentations. For the probes used
in this study, the spatial resolution is between 50 and 100 nm.
The estimation in spatial resolution is based on the contrast
observed in Figure 1b. For instance, the dark/bright contrast
associated with each row of indentations with 100 nm spacing
at 10 and 13 uN loads are resolvable. The ability to resolve
the dark/bright contrast at an indentation spacing of 50 nm
and load of 6.5 uUN is marginal. Based on this interpretation,
the contributions to the reduced contrast for the interior rows
in the 100 nm spacing, 26 uN load array (Figure 1b) are not

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

explicitly related to spatial resolution limitations, but rather a
form of magnetostatic coupling. The enhanced contrast for the
outer rows of the 100 nm spacing, 26 uUN load array and the
enhanced contrast exhibited by the 50 nm, 26 uN load array
(Figure 4c) substantiate this claim.

Magnetostatic coupling has been observed in isolated ferro-
magnetic single domain islandsi3*34 and employed to demon-
strate geometrically frustrated lattices composed of nanoscale
ferromagnetic islands®?l and magnetic quantum-dot cellular
automata for potential magnetic memory and logic applica-
tions.l3%34 The coupling, due to the formation of magnetic poles
and the forces associated with magnetic stray fields, influences
the magnetic moment of neighboring islands. For Ni-Mn-Ga,
the coupling effect could potentially be engineered to perform
memory and logic functions. In principle, by manipulating
indentation load and spacings, a magnetomechanical switch
could be designed that would enable coupling for nanoscale
information processing.

In the case of ultrahigh density data storage, to minimize
the susceptibility to magnetostatic coupling, the indentation
load can be adjusted for a particular spacing. As the indenta-
tion load increased, the magnitude of the magnetic contrast in
the MFM images increased (Figure 3c). Figure 3d shows a cross
section of the magnetic contrast for a column of indentations
formed by an applied load of 76.8, 51.2 and 25.6 uN. The phase
shift, due to the interaction of the CoCr coated silicon probe

Adv. Funct. Mater. 2013, 23, 3995-4001
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Figure 4. Topographical and MFM phase image of a a) 26 uN/200 nm array. where individual indentations begin to couple with the stray field of
neighboring indentations; b) 26 UN/100 nm array with an enhanced bright/dark contrast at the top and bottom of the indentation array; and of a
c) 26 UN/50 nm array. The magnetostatic coupling, represented by an enhanced magnetic stray field in (b) and (c), becomes more pronounced as the
indentation spacing is decreased. For the 50 nm spacing, the plastically deformed regions of each indentation overlap with neighboring indentations.
The streaks in the topography image (c) may be the result of the enhanced stray field interacting with the probe during imaging. The scale bar in (c)

applies to all images in this figure.

with the magnetic stray field emanating from the indentations,
decreased with decreasing load, from a full range of 10.5 to 7.8
to 4.0°, respectively. Figure 3e shows the relationship between
the applied load and the magnetic contrast for the arrays in
Figure 3c. To first order, the higher the indentation load, the
more surface area is deformed, thus a greater amount of mag-
netic poles form, which results in a higher magnetic contrast.
There is a balance between the magnitude of the applied load
to obtain an appropriate contrast and the spacing to minimize
magnetostatic coupling, which can be tuned to provide the
information density needed for data storage applications.
Unlike the information storage capacity of isolated ferro-
magnetic single domain islands, which provide binary memory
capacity due to magnetic anisotropy induced by arrays or by
shape anisotropy, Ni-Mn-Ga exhibits high magnetocrystalline
anisotropy enabling four magnetic memory states per cell (i.e.,
indentation). Magnetic information, by way of the magnetic
poles stored about the locally deformed region, aligns to the
magnetic moment. The strong magnetocrystalline anisotropy
aligns the magnetic moment, and therefore the magnetic poles
and magnetic stray field, parallel to the crystallographic ¢ direc-
tion. The crystallographic ¢ direction can be switched to one of
two orthogonal axes x and y (Figure 5) through twin boundary
motion facilitated by an appropriate applied magnetic field or
mechanical stress orthogonal to the directionality of the dark/
bright contrast. For each crystallographic state controlled by twin
boundary motion, the magnetization vector can be magnetically
switched 180° (Figure 5). Thus, by changing the magnetization

Adv. Funct. Mater. 2013, 23, 3995-4001
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direction through twin boundary motion, either with an applied
magnetic field or stress-induced twin rearrangement, it is pos-
sible to formulate a four-state magnetic memory system. Sup-
porting Information Figures S1-S3 not only demonstrate this
phenomena, but also provide the framework to control the ori-
entation of each individual cell. In particular, Figures Sla and S3
show twins intersecting indentations resulting in a 90° switch
in the dark/bright contrast. The twin bands are relatively large
and change the orientation of the magnetic stray field emanating
from the intersected indentations. Thus, methods to control
twinning and magnetization at the nanoscale are requisite to
control the orientation of each individual cell independently of
neighboring cells.

A critical component for data storage is data transfer
rates. In 2003, working with less pure material with higher
twinning stress than available today, Marioni et al. demon-
strated a switching frequency of 2 kHz on a 5 X 5 x 8.95 mm
sample.l®® The switching frequency was limited by inertia,
which implies an inverse cube dependence with linear size pro-
viding switching frequencies of 10'> Hz. Size effects of plastic
deformationl®®! are likely to limit the actuation frequency. A
recent dynamical study on macroscopic samples revealed twin
boundary velocities of =1 m/s for type II twins, which trans-
lates, on the nanometer length scale, to switching frequencies
on the order of 1 GHz.*”) The practical limits for switching fre-
quencies are yet to be determined.

For this work, a schema is established for the patterning of
magnetic information on Ni-Mn-Ga with four stable, distinct
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Figure 5. Schematic illustrating the four magnetic memory states. The orientation of the magnetic stray field, i.e., the dark/bright contrast sensed
with MFM, can be globally controlled by applying a magnetic field or mechanical stress. Twin boundary motion switches the local magnetic stray field
90° through an applied magnetic field (outer cycle). A 180° switch of the magnetic stray field can be obtained by reversal of the magnetic field (inner
intersection). A mechanical stress can also be applied, which results in the crystallographic ¢ direction aligning parallel, but can be mutually opposite,

to the direction of the applied force.

yet magnetically equivalent configurations. Ultimately, to
achieve a 4 Tb/in? areal density in Ni-Mn-Ga, which is based
on an 18 nm pitch, the magnetic stray field from an indenta-
tion must be resolved and distinguishable from a neighboring
indentation. Recent developments with MFM probe spatial
resolution, where sub-10 nm resolution has been demon-
strated,[3®3% coupled with optimization of indenter tip geom-
etry and indentation load could facilitate multi-Tb/in? storage
capacity. Further, based on the mechanism to modify and con-
trol the orientation of the magnetic stray field, other surface
modification techniques, for instance, focused ion beam, may
be employed to exploit the formation of four magnetic states
for high areal density storage applications.

3. Conclusions

In summary, i) the formation of nanoscale topological features
through indentation-based techniques change the local mag-
netic contrast in Ni-Mn-Ga as demonstrated using AFM/MFM,
ii) controlled, localized changes in magnetic stray field can be
designed with indentation loads and spacing, iii) four magnetic-
based memory states are defined due to magnetic field or stress-
induced twin rearrangement along two crystal orientations, each
with two possible magnetic orientations, iv) a schema is estab-
lished for the patterning of magnetic information on Ni-Mn-Ga
with four stable, distinct yet magnetically equivalent configura-
tions and v) potentially, the four magnetic states and the control-
lable switching of those states, as reported here, could be used
in quaternary non-volatile memory, as well as in Boolean opera-
tions. Such operations could lead to nanoscale information pro-
cessing via magnetomechanical circuitry.

4. Experimental Section

Indentation, AFM and MFM experiments were performed on a
parallelepiped Ni-Mn-Ga single crystal (AdaptaMat Ltd.) with 10 M

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

martensite structure and martensite transformation temperatures above
room temperature. The faces of the single crystal were parallel to the
{100} planes. One face of the Ni-Mn-Ga single crystal was mechanically
lapped with 1200 grit SiC paper and sequentially polished using 9, 3
and 1 um diamond slurries and finished with a 0.3 um alumina slurry.
The single crystal was then electropolished for 15 s in 70 parts reagent
alcohol and 30 parts nitric acid under a voltage of 2 VDC.

A scanning probe microscope (Dimension ICON and 3100,
Nanoscope V Controller, Bruker Nano, Inc., Santa Barbara, CA) was
used to perform nanoindentation and to measure topography and
magnetic stray fields emanating from the surface. Indentations were
made with a three-sided pyramidal diamond tip with a nominal radius
of curvature of 40 nm (PDNISP, Bruker AFM Probes, Camarillo, CA).
Topography and magnetic stray fields were imaged using CoCr coated
silicon cantilevers (MESP, Bruker AFM Probes, Camarillo, CA). Prior
to imaging, the CoCr probes were magnetized normal to the sample
surface with the magnetization vector pointing toward the surface. AFM
was performed using AC mode and MFM images were obtained using
AC and constant height modes. Lift heights of 15-50 nm at scan rates of
0.5 to 1 Hz provided optimum resolution.

The indentation arrays were made using the diamond probe
attached to a stainless steel cantilever. Indentation loads were based
on the product of the spring constant and the deflection sensitivity of
the stainless steel cantilever. The spring constant was provided by the
probe manufacturer and the deflection sensitivity was measured on
fused quartz. Indentation loads ranged from 5 to 128 UN with spacings
from 25 to 750 nm. The indentation spacing was controlled using a X-Y
closed-loop scanner.

A thermoelectric heating-cooling unit (Heater/Cooler System, Bruker
Nano, Inc., Santa Barbara, CA) integrated with the AFM system was used
to heat the Ni-Mn-Ga sample above the martensite phase transition
temperature. To maximize thermal coupling to the thermoelectric
stage, i) the sample was glued to a stainless steel puck using silver
paint (Leitsilber 200, Ted Pella, Inc., Redding, CA) and ii) thermal paste
was applied between the stainless steel puck and the thermoelectric
stage. The sample was heated by =10 °C increments (with 5 min holds
at each temperature) to 75 °C and held at temperature for 20 min to
ensure complete transformation. The sample was then cooled to room
temperature for additional imaging.

Indentation depths, before and after heating, were measured by taking
cross-sections of each indentation. The same probe type, scan size,
scan rate and pixel size were used to capture the images. A first order
x-y plane fit was applied to the images. The recovery of the indentation

Adv. Funct. Mater. 2013, 23, 3995-4001
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was measured as the difference between the maximum indentation
depth before and after cooling over the maximum indentation depth
before heating. The average recovery depth of 10 indentations with one
standard deviation is given in the text.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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