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The structure and phase transformations of thin Ni–Ti shape memory alloy films grown by
molecular beam epitaxy are investigated for compositions from 43 to 56 at. % Ti. Despite the
substrate constraint, temperature dependent x-ray diffraction and resistivity measurements reveal
reversible, martensitic phase transformations. The results suggest that these occur by an in-plane
shear which does not disturb the lattice coherence at interfaces. © 2011 American Institute of
Physics. �doi:10.1063/1.3589361�

NiTi is arguably the most technologically important
shape memory alloy.1,2 Its martensitic phase transformations
have been widely studied in bulk3 and polycrystalline films.4

However, little work has been reported on epitaxial Ni–Ti
films,5 whose transformation strains could even exceed those
of polycrystalline films.6 In this letter, the structure and mar-
tensitic transformations of epitaxial Ni–Ti films are investi-
gated.

Ni–Ti films were grown in a VG80 molecular beam ep-
itaxy system at 5�10−10 mbar on MgO�001� substrates us-
ing codeposition of elemental Ni and Ti from effusion cells.
The film composition was set by adjusting the cell tempera-
tures to achieve the desired Ni/Ti flux ratio. Since it was
found that the B2 order in the films improves with substrate
temperature, growth was performed at highest temperature of
700 °C. The films were grown to a thickness of 35�2 nm
at an average growth rate of 11 nm/h. The film composition
and thickness were determined by Rutherford backscattering
spectrometry. X-ray diffraction �XRD� measurements were
performed using Cu K� radiation. For temperature depen-
dent XRD, the samples were mounted onto a thermoelectric
cooler with a temperature range from 260 to 365 K. Tem-
perature dependent electrical resistivity was measured in
4-contact geometry in a Quantum Design Physical Property
Measurement System.

Room temperature �RT� XRD �-2� scans on Ni–Ti films
with different composition are shown in Fig. 1. All films
exhibit prominent intensity peaks close to the �001� and
�002� reflection positions of the bulk NiTi B2 austenite
�a=0.3015 nm, Ref. 3�. For films with �50 at. % Ti,
these are single-peaks that can be ascribed to an B2
ordered austenitic phase. An XRD pole figure measure-
ment of the B2�101� reflections �Fig. 1�b�� shows that the
epitaxial orientation relationship is as follows:
NiTi-B2�001��110� �MgO�001��100� �Fig. 1�c��. Due to the
lattice mismatch f = �aMgO−	�2�aB2� /aMgO=−1.3%, com-
pressing the film lattice in the plane, the NiTi B2 structure
grows tetragonally distorted with an expanded out-of-plane
lattice parameter, resulting in a peak shift to smaller angles
as compared to the positions expected for bulk B2�00L�. On

films with �47 at. % Ti an additional peak at 74.2° is de-
tected, which is close to the expected �220� reflection of
Ni3Ti �Ref. 3�. Films with Ti contents �51 at. %, exhibit
double-peaks at the B2�00L� reflection positions.

Since the occurrence of double peaks in XRD can indi-
cate martensite formation,7 the films were investigated for
structural transformations by measuring temperature depen-
dent �-2� scans around the B2�002� position �Fig. 2�. Con-
sistent with Fig. 1�a�, for stoichiometric composition �Fig.
2�a�� a single peak �2�
60.5°� is observed at RT and above,
which is associated with the B2 austenite phase. Upon cool-
ing, this peak shifts to a slightly lower angle and decreases in
intensity. The formation of an additional diffraction peak at
T�285 K �2�
61°� marks the beginning of a martensite
phase formation. By heating up to 299 K again, the film
transforms back to the austenite �single peak at 2�
60.5°�.
Figure 2�b� shows for a Ti-rich sample �51 at. %Ti� that the
double peak that was observed at RT �Fig. 1�a�� vanishes
upon heating and the B2 phase �2�
60.5°� forms at 318 K
and above. Upon subsequent cooling from 343 K to 310 K,
first the intensity of the B2�002� diffraction peak decreases
and similar to Fig. 2�a�, a peak forms at 2�
61°. When

a�Electronic mail: jbuschbeck@ece.ucsb.edu.

FIG. 1. �Color online� �a� XRD �-2� scans of epitaxial Ni–Ti/MgO�001�
heterostructures with different Ti contents at RT. Dashed lines mark the
�00L� reflection positions of bulk NiTi B2. �b� B2�101� pole figure of the
Ni50Ti50 film with MgO�100� substrate direction shown by an arrow. �c�
Schematic of the epitaxial orientation relationship of NiTi B2 on MgO�100�.
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cooling further to below 306 K, another peak forms at 2�

60° which finally becomes the only observable peak at 263
K. This sequence of peaks is interpreted as B2 first trans-
forming into an intermediate martensite �IM�, followed by
the transformation into a second, low temperature martensite
�LM�. By subsequently heating to 343 K, the B2 austenite is
recovered with no evidence for the reformation of IM, indi-
cating that this phase is metastable. The coexistence of LM
and IM explains the double-peaks observed in XRD on Ti-
rich samples at RT �Fig. 1�a��.

Further information about these transformations was ob-
tained from temperature dependent reciprocal space maps
�RSMs�. Measurements of the normal lattice spacings were
performed along B2�110�, around the B2�002� reflection
�Fig. 3�a��. The RSMs show that the peak intensities of B2
and IM as well as LM line up along B2�001�. This perpen-
dicular alignment signifies that change in the out-of-plane
lattice spacing does not involve tilting of the lattice planes.
Measurements along B2�100� lead to the identical result.
RSMs were also measured around the inclined B2�011�
plane in a measurement plane spanned by B2�100� and
B2�011� �Fig. 3�b��. Symmetric peak splitting along B2�011�
is observed upon transformation B2→ IM. This geometry is
consistent with formation of two oppositely sheared variants
of the IM phase �one is schematically illustrated in Fig.
3�b��. By symmetry, four such variants are expected. The
reflections of the “missing” two variants however are lying
out of the measurement plane and hence are not observed.
Upon further cooling the intensities vanish, suggesting that
the reciprocal lattice spots of LM are not lying in the mea-
surement plane.

In order to investigate a wider temperature range, resis-
tivity measurements were performed during cooling and
heating �Fig. 4�a��. Hysteretic behavior is observed for all
compositions. Upon cooling from the B2 phase, a departure
from linearity and increase in resistivity marks the start of
the IM formation. This behavior is interpreted to result from
electron scattering at phase boundaries during the phase tran-
sition. A maximum in resistivity is observed when IM and
LM coexist while the formation of single phase LM at the
lowest temperatures results in a linear behavior. Upon heat-
ing, no indication of an IM formation is observed, which is
in agreement with the XRD measurements. Only a weak in-
crease in resistivity occurs when LM and austenite coexist.
From the measurement curves, the transformation start tem-
peratures �IMS and LMS� were estimated by linear extrapo-
lation and by the maximum in resistivity, respectively, as
shown in Fig. 4�a� for a film with 56 at. % Ti. It is observed
that LMS decreases with decreasing Ti content while IMS
exhibits little variation �Fig. 4�b��. For some compositions,
IMS and LMS were verified by XRD using the first appear-
ance the respective reflection of IM and LM �open symbols�.

For Heusler shape memory alloys it was reported that
the substrate clamping completely suppresses martensitic
transformations in 90 nm thick epitaxial films.8 Hence it is
surprising that martensitic phase transformations are ob-
served in the present 35 nm thin epitaxial Ni–Ti films. In
bulk Ni–Ti samples, starting with the high temperature B2
austenite, the stable martensite B19� forms when cooled to
low temperatures. Prior to the formation of B19�, the B2
austenite may transform into the metastable R-phase marten-
site, resulting in a two-step transformation sequence

FIG. 3. �Color online� Temperature dependent RSM
scans measured �a� around B2�002�, and �b� around
B2�011� on the Ni46Ti54 film. Dashed lines are guides to
the eye marking the original position of the austenite
reflection. Inset figures schematically illustrate the aus-
tenite and one variant of the sheared IM structure.

FIG. 2. �Color online� XRD �-2� scans measured on
Ni50Ti50 and Ni49Ti51 films near B2�002� in several tem-
perature steps during cooling and after heating up
again. Reflections of the individual phases are labeled.
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B2→R→B19�.3 Zhang and Sehitoglu9 observed that the
habit planes of the B2→R transformation are close to the
B2�001� plane. In addition to the various soft phonon modes
in B2,10 the stress stabilized monoclinic distortion angle 	 of
B19� �Ref. 11� gives rise to flexibility in the structure forma-
tion in the vicinity of transformation. In the present films, the
B2 austenite is tetragonally distorted due to the epitaxial lat-
tice mismatch. Despite the distortion, a two step, reversible
martensitic phase transformation B2→ IM→LM is ob-
served, similar to the B2→R→B19� sequence in bulk. The
metastability of IM suggests that this phase is R-phase re-
lated. LM exhibits a XRD peak close to bulk B19��022�
�2�=60.35°�,12 suggesting that LM could be B19� related.
The formation of bulk B19��022� martensite would, how-
ever, require significant lattice distortion at the substrate in-
terface, which is not observed. The present data do not ap-
pear to be consistent with a body centered orthorhombic
martensite structure.11

For comparison of transformation temperatures in films
and bulk, MS of B19� in bulk Ni-Ti has been added to
Fig. 4�b�.13,14 Though the general trends of MS and LMS are
similar, LMS is found to decrease with decreasing Ti content
over a wider composition range. For compositions with
�50 at. % Ti both IMS and LMS are significantly lower than
MS, indicating that the austenite is preferably stabilized over

the martensites by the symmetry of the MgO substrate inter-
face.

The transformation of the films without tilts of the nor-
mal lattice vectors indicates that in-plane transformation
strains are suppressed by the substrate.7 It is suggested that
shearing parallel to the film plane occurs, resulting in the
lattice strains being limited to the out-of-plane direction.
This mechanism is supported by the reflection splitting upon
IM variant formation observed in RSM scans and allows
retaining the coherence at interfaces. The resulting low en-
ergy of phase boundaries explains the easy initiation of mar-
tensitic phase transformations. The substrate plane and the
habit plane of this transformation are aligned in parallel.
While transformations with inclined habit planes tend to
leave residual austenite behind,7,15 this specific geometry en-
ables complete and fast martensite transformation in thin
films. Though similarities to the B2→R→B19� phase se-
quence are observed in the present films, it is suggested that
the structure of the martensites is different from bulk.
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FIG. 4. �Color online� �a� Temperature dependent resistivity of various Ti
contents. For 56 at. % Ti, the extraction of transformation start temperatures
is shown. �b� Transformation temperatures �TT� obtained from resistivity
�solid symbols� and XRD �open symbols�, plus the reported B19� martensite
start temperature for bulk �MS, solid gray line� �Refs. 13 and 14� MS is
extrapolated to higher and lower Ti contents by dotted lines.
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