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Magnetocaloric materials are promising as solid state refrigerants for more effi-
cient and environmentally friendly cooling devices. The highest effects have been
observed in materials that exhibit a first-order phase transition. These transfor-
mations proceed by nucleation and growth which lead to a hysteresis. Such irre-
versible processes are undesired since they heat up the material and reduce the
efficiency of any cooling application. In this article, we demonstrate an approach
to decrease the hysteresis by locally changing the nucleation barrier. We created
artificial nucleation sites and analyzed the nucleation and growth processes in their
proximity. We use Ni-Mn-Ga, a shape memory alloy that exhibits a martensitic
transformation. Epitaxial films serve as a model system, but their high surface-
to-volume ratio also allows for a fast heat transfer which is beneficial for a
magnetocaloric regenerator geometry. Nanoindentation is used to create a well-
defined defect. We quantify the austenite phase fraction in its proximity as a
function of temperature which allows us to determine the influence of the defect
on the transformation. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4943289]

Magnetocaloric materials are interesting for future cooling applications.! Most compounds
that are currently discussed, including La-Fe-Si,2 MnAs,> Mn-Fe-P,* and the Heusler compounds5
Ni-Mn-X (X = Al°, In’, Sn,® Sb?), which are isostructural to Ni-Mn-Ga,'? show a giant magne-
tocaloric effect due to a first-order phase transition that can be induced by an external magnetic
field.!! The latent heat of the transformation is then used in a cooling cycle. However, a drawback of
all first-order materials is the hysteresis. Irreversible processes heat up the material, which reduces
the cooling efficiency' and also diminishes the performance in heat pumps.'?

Hysteresis in first-order transitions is a consequence of the formation and movement of phase
boundaries. This leads to energy barriers that have to be overcome to form a nucleus and grow
the product phase. In order to reduce the energy barriers and thus the hysteresis in magnetocaloric
applications, different approaches have been proposed which are either structure- or microstructure-
related. Approaches tackling the structure try to decrease the lattice misfit between both phases
at the phase boundary. This can be achieved by reducing the volume change and, in symme-
try breaking transitions, by additionally fulfilling well-defined boundary conditions for the lattice
constants.'3 Both can be achieved by tuning the chemical composition,'# but this commonly also
changes other important intrinsic parameters like the transformation temperature or magnetization
difference which directly influence the magnetocaloric effect. Microstructural approaches usually

4 Author to whom correspondence should be addressed. Electronic mail: r.niemann @ifw-dresden.de
bNow at CNRS, Grenoble, France.
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try to decrease the nucleation barrier. In general, these barriers are drastically reduced close to
defects, where heterogeneous nucleation is possible. Consequently, the hysteresis can be effec-
tively reduced by introducing defects via ion irradiation, which was shown recently for Mn-As-
based compounds.'> The nucleation is favoured near precipitates consisting of a non-transforming
phase.'® In Heusler alloys, it is also possible to use a thermodynamic cycle within minor loops of the
hysteresis, which preserves a certain fraction of both phases and enhances the reversibility signif-
icantly.!” For the martensitic Heusler alloys, the direct transformation during cooling represents
the main challenge since the reverse transformation proceeds more continuously because residual
austenite is present also at very low temperatures. '8

In this article, a microstructure-based approach is used to demonstrate that the nucleation bar-
rier can be decreased in the vicinity of a remanent indent. The radius of influence of this defect
is quantified from in sifu observations of the nucleation and growth of martensite in a scanning
electron microscope. Finally, a way to realize this process also on a macroscopic scale is discussed.

As a model system, epitaxial films of the Heusler alloy Ni-Mn-Ga are used. Ni-Mn-Ga is
a magnetic shape memory alloy that exhibits a ferroelastic (martensitic) transformation from
a high-temperature cubic austenite phase into a low-temperature martensite phase with lower
symmetry. Depending on the composition, this transformation can be tuned to take place near
room temperature. This compound shows a small magnetocaloric effect'® but is identical in struc-
ture and microstructure to some giant magnetocaloric compounds, e.g., Ni-Mn-In and therefore
a suitable model system. Then, modulated phases are observed in the martensitic state, often
approximately described by a monoclinic or orthorhombic unit cell.'” Due to the differences in
spontaneous magnetization, magnetic and elastic anisotropy, and tetragonality between austenite
and martensite,?’ the transformation can be induced by both magnetic and elastic fields.?'?? Ac-
cordingly, the transformation is also extremely sensitive to mechanical stresses’>** and therefore
strongly influenced by the elastic stray fields of defects. The martensitic transformation was, e.g.,
triggered by nanoindentation on shape memory films in the austenitic state.>%¢

For a microstructure-based approach, it is necessary to understand the martensitic microstruc-
ture, which has been examined in detail for this material, since it shows giant reversible strains
when subjected to magnetic fields.”’?® This effect is influenced by the type and arrangement of
twin boundaries.”” The hysteresis in these materials depends critically on the microstructure that
forms during the martensitic transformation. Usually, a complex hierarchy of twins-within-twins
separated by twin boundaries on many length scales is observed.’*-3? This microstructure can be
understood by analyzing how it is formed: the first-order transformation sets off with nucleation
of the modulated phase which can also be described as nano-twinned.*'>** Then the phase grows
with well-defined growth modes'®* and forms macroscale twin boundaries in a final coalescence
step.® The symmetry of the final microstructure is constrained by the symmetry of both phases, but
the actual distribution of twin boundaries is determined by the kinetics of the transformation.

A 1.5 um thick epitaxial Nigg 4Mn3; gGa;g ¢ film was produced by sputter deposition onto the
(100)-face of a heated single crystalline MgO substrate; details about film deposition are published
elsewhere.?” Before depositing the film, an epitaxial chromium layer with a thickness of 100 nm
was grown to promote epitaxy. By reciprocal space mapping (RSM) at room temperature (not
shown), it was determined that the Ni-Mn-Ga film has the structure of a modulated 14M phase with
lattice constants a = 0.616 nm, b = 0.579 nm, ¢ = 0.554 nm, and y = 90.4° (using a monoclinic
cell derived from the L2; cubic cell'®??). Temperature-dependent RSM showed that the film un-
dergoes a martensitic transformation at around 400 K. Electron micrographs were acquired using
a Zeiss LEO 1530 Gemini microscope equipped with a back-scattered electron (BSE) detector
and an electron back-scatter diffraction (EBSD) setup which includes an additional detector for
forward-scattered electrons (FSE). EBSD patterns were indexed using an orthorhombic cell, as
due to the high twin boundary density, an unambiguous indexing with a monoclinic cell was not
possible. All crystal planes and directions in this article are given with respect to the cubic austenite
cell. Inside the SEM, the sample was heated by a Kammrath and Weiss sample stage that allows
for temperature steps of 1 K. The temperature was varied in a range from room temperature up to
423 K. Atomic force microscopy was performed using a Digital Instruments’ DI 3100 in tapping
mode.
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(a) SEM in FSE contrast
)

\' E u
\“\\\\

FIG. 1. (a) SEM micrograph of the typical microstructure of an epitaxial Ni-Mn-Ga film in the martensitic state. (b) EBSD
mapping of the area that is marked in red in (a). An orthorhombic unit cell was used for indexing. The two different
microstructures that can be identified are sketched in the legend: type X has the b-axis in the film plane and c-a-twin
boundaries oriented by approximately 45° to the film normal. In type Y, the b-axis and the c-a-twin boundaries are aligned
perpendicular to the film plane.

To analyze the martensitic microstructure of a Ni-Mn-Ga film, an electron micrograph and an
EBSD mapping were acquired (Fig. 1). Two types of microstructures can be distinguished already
in the FSE image. The EBSD mapping shows that the differences between both microstructures are
the orientation of the crystallographic axes and hence also the twin boundary orientation. The “type
X microstructure,’®*® also called “high contrast zone” because of the pronounced topographic
contrast at the twin boundaries,>® consists of martensitic 14M variants having their b-axis in the film
plane. These variants are separated by c-a-twin boundaries that coincide with the crystallographic
(011), (011), (101), or (101) planes and are inclined by 45° relative to the substrate normal. The
twin boundary traces at the film surface are oriented along (100) directions and hence along the
diagonals of the SEM images. The second type of microstructure, “type Y***3% or “low contrast
zone,”* has the b-axis of all martensitic variants out of plane. The twin boundaries are also c-a-twin
boundaries that coincide with (110) or (110) planes which are perpendicular to the film plane. The
traces of these twin boundaries at the surface are parallel to the (110)-oriented picture edges.

To create a permanent surface defect, nanoindentation was performed at room temperature in
the martensitic state using a nanomechanical tester by ASMEC with a pyramidal Berkovich tip
and a maximum force of 20 mN. The plastically deformed surface area close to the remanent
indent was analyzed at room temperature by atomic force microscopy (Fig. 2(a)). The tip has left
a regular triangular indent with an edge length of about 1 um. Additional topography contrast in

(b)
B
D
1um ' '
1 4 5

R
x (um)

FIG. 2. AFM images of the remanent indent. Additional topography from the martensitic microstructure is visible. (a) At
larger scale, (b) in a close-up, and (c) height z along the profiles A-B and C-D.
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the vicinity of the indent is caused by the martensitic microstructure. The contrast appears weak
since the height variations due to twinning are much smaller than the depth of the indent. Fig. 2(b)
shows an atomic force image with higher resolution close to the indent to analyze finer structures.
We observe a pile-up of material around the indent, which is typical for plastic deformation.*’ Fig.
2(c) shows profile plots along perpendicular lines through the center of the indent with a depth of
about 170 nm. Its shape is not perfectly pyramidal; there is a kink in the left face of the indent.
This additional deformation could be due to the (pseudo-)plastic anisotropy of Ni-Mn-Ga*' in
combination with the three-fold symmetry of the tip, which deviates from the four-fold symmetry
of the epitaxial film. Due to the geometry of the self-similar indenter tip, the representative strain
below the tip is 8%, independent of the applied load or indentation depth.***> We showed above that
the martensite was in a multi-variant state before the indentation, hence the maximum strain that
could possibly be mediated by twin boundary movement amounts to about az-fc —1=-53%. The
actual value will be much smaller due to the orientation distribution of the twin boundaries. This
means that the deformation near the indent was mostly plastic by movement of dislocations and
not entirely pseudo-plastic by twin boundary movement. The latter is additionally hindered by the
complex hierarchical arrangement of twin boundaries.*®

To determine how the indent influences the martensitic transformation on a local scale, a series
of scanning electron micrographs was acquired during the martensitic transformation. At this point,
the sample had already undergone 5 martensitic transformations for other studies. Before each
image, the temperature was kept stable for 15 min, hence every image depicts a metastable state.
A selection of images is shown in Fig. 3. A video containing all images taken can be found in
the supplementary material.** Fig. 3(a) shows the martensitic microstructure around the indent at
353 K. The microstructure consists of type X (diagonal features) and type Y (horizontal and vertical
features). Above the transformation temperature, at 423 K (Fig. 3(b)), the film is almost entirely
in the austenitic state except for a few remanent type Y “needles” that are preserved very close to
the indent. After cooling the sample to 408 K (Fig. 3(c)), these needles grow away from the indent
and hence the phase fraction of martensite very close to the indent is increased. The rest of the
observed sample remains in the austenitic phase. Upon further cooling to 404 K, the needles close
to the indent grow further along [110]. Additionally, a martensitic needle along the [100] direction
forms directly at the indent (red arrow). Near the right edge of the image, a new group of type Y
needles forms which is not directly connected to the indent. It may have nucleated independently

(a) T=353K (b T=423K (c) T=408 K

—[110]

— [170]

(d) T=404 K

FIG. 3. SEM micrographs in back scattered electron contrast reveal the martensitic microstructure near the indent at different
temperatures. (a) The microstructure after indentation. (b) After heating, the sample becomes austenitic. (¢) and (d) Upon
cooling, the martensitic transformation starts at the indent by formation of type Y martensite and a separate type X needle
(red arrow). (e) The martensite grows further until (f) a final, different microstructure is reached.
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at another defect or due to some long-range elastic stray field of the indent. At 399 K, we observe
an increased fraction of type Y martensite. The central group of needles near the indent has thick-
ened and additional needles that are oriented along the [110] direction have formed. Those cannot
grow across existing martensite. Finally, at 373 K, almost the entire sample is in the martensitic
state. The microstructure again consists only of type X and Y elements but the particular pattern
is significantly different compared to the original martensitic microstructure from Fig. 3(a). Only
near the indent, the type and orientation of the martensite (type Y along [110]) were preserved.
This illustrates that the transformation path is very sensitive to small variations in the boundary
conditions.

To quantify the effect of the indent on the transformation, the series of electron micrographs
was further evaluated: the phase fractions were determined by measuring the surface area covered
by austenite and martensite, respectively (Fig. 4). By processing all images from the temperature
series, this analysis yields an approximation of the phase fraction as a function of temperature.
To identify the radius of influence of the indent, we defined a cut-off radius . The quantitative
evaluation of the phase fraction was then performed separately for the surface area lying within and
outside the cut-off radius, respectively (Fig. 4(a)). The cut-off radius was varied between 1 um and
12 um. These limits are given by the size of the indent and of the observed area, respectively.

As a result of this evaluation, the temperature dependence of the austenite phase fraction is
plotted exemplarily for » =2 um in Fig. 4(b). Inside the radius of 2 um, the phase fraction of
austenite starts to decrease already at around 410 K while outside the radius, the austenite is stable
until 400 K. This is obviously a consequence of the martensite growing first near the indent. During
further cooling, the austenite phase fraction far from the indent lags behind the austenite fraction
inside the radius. In Fig. 4(c), the phase fraction is plotted for a radius of 6 ym. In this case, there
is almost no difference between the transformation outside and inside the radius. Apart from little
deviations near the beginning of the transformation, no significant difference can be observed.

(b) 1.0
£ 0.8
9 Impact
&£ 0.6 P
8
'g 0.4+ ——1>2 um
iz —~r<2um
Z 0.2
0 T
380 400 420 440
Temperature (K)
(©) 10 (d)
g8 9 \
Q g M 7
£ 0.6 < 4
e 3
§O.4< / +rzgpm §2‘
w | +I‘_ um 1
Z02 | S
380 400 420 440 0 2 4 6 8 10 12
Temperature (K) Radius r (pm)

FIG. 4. Quantification of the impact of an indent measured for decreasing temperature. (a) Microstructure near the remanent
indent during the martensitic transformation. A critical radius around the indent is defined. The dependence of the fraction of
austenite inside (red) and outside (black) a cut-off radius of (b) 2 um and (c) 6 um around the remanent indent is shown. The
fraction was calculated by measuring the surface fraction of both phases. (d) The integral of the difference between the phase
fraction inside and outside the radius is called impact (gray area in (b)) and is a measure for the influence of the indent for
any given radius. (d) shows the dependency of the impact on the radius. For radii smaller than 6 um, a significant influence
is observed.
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The “impact” of the indent is quantified by a single number from an integration of the differ-
ence between the phase fraction inside and outside the radius. This area is highlighted in gray in
Fig. 4(b). The radius of influence around an indent is achieved by plotting the impact as a function
of r (Fig. 4(d)). The impact monotonously decays with increasing radius, which is expected since
the influence should vanish at large distances. From these measurements, we can conclude that
one indent controls nucleation within a radius of about 6 um. This is significantly larger than the
indent itself, illustrating that nanoindentation is an effective way to control nucleation. However,
the affected radius is still in the order of the film thickness of 1.5 um, indicating that the influence
radius is mostly limited by clamping of the film to the rigid substrate.

The present work demonstrates that an indent can promote the martensitic transformation on a
local scale. The well defined experiment allows for a better understanding of the observation that
martensite usually starts to grow, e.g., near scratches at the surface of a sample.** We suggest that
the underlying mechanism is the increase of the temperature at which the transformation takes place
in vicinity of a plastic deformation due to its elastic stray field. This leads to a relative shift of the
respective free energy curves of both phases and results in a stress induced martensite.*> Due to
the local increase of the temperature at which the transformation takes place, this martensite will
nucleate first.

Our observation is that one indent does not result in a switching of the entire sample but only
predominantly affects the transformation in a radius of the order of less than 10 um, which suggests
that the latter mechanism is more important.

In the film-shaped sample we used, the effect is limited to a small area around each indent.
To influence the transformation on a macroscopic scale, the indents could be placed preferably in
a hexagonal lattice and with a lattice constant in the order of several um, which corresponds to a
density in the order of ~10'° m™2. A technology to create an array of indents was proposed in the
framework of micromechanical memory, the “millipede.”*° It never found application in computer
technology, but in the fabrication of an array of defects, this appears to be a promising approach to
make magnetocaloric thin films ready for applications. In a bulk process, we propose to add defects,
e.g., by precipitation reactions or adding inert microparticles. As the transformation proceeds by
nucleation and growth, one should optimize defect size and distribution not only with respect to
their nucleation ability but also for a minimized pinning potential.

The authors thank S. Schwabe, B. Schleicher, and S. Kauffmann-Weiss for helpful
discussions. R.N., A.D., and S.F. gratefully acknowledge funding by DFG via No. SPP1599,
www.ferroiccooling.de.
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