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Phase transition in Tis)NiyFeq studied by x-ray fluorescence holography
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The phase transition behavior of the local structure around Fe in a shape-memory-alloy-related material,
TisoNigyFeg, was evaluated by x-ray fluorescence holography. The Fe Ka holograms were recorded at 225 and
100 K, which correspond to the parent and commensurate phases, respectively. The atomic images at both the
phases show that the first neighbor Ti atoms around Fe, fluctuating in the parent phase, is strongly stabilized in
the commensurate phase and that a clusterlike structure with a radius of 8 A is formed in this lower tempera-
ture phase. These dynamically structural changes offer important keys to understanding the precursors to the

martensite phase transition of the TiNi series.
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Shape memory alloys (SMAs) are promising materials for
actuators because they exhibit large reversible strain and
strong recovery forces upon repeated heating and cooling.
These features of SMAs are due to a reversible phase tran-
sition, i.e., the martensitic transition, between the parent and
martensite phases. In order to achieve larger strain and stron-
ger forces, the martensitic transition has been widely studied
for various SMAs. The martensitic transition is a first-order
phase transition since the transition is accompanied by a dis-
crete change in volume or other properties. Leading to first-
order transformations, it has been experimentally reported
for many materials that gradual changes in the lattice
modulation,! phonon dispersion,? and elastic modulus are
observed before the martensitic transition starts upon cool-
ing. These gradual changes are attracting much interest as
precursors of the martensitic transition, similarly to tweed
microstructure that appears upon cooling prior to many other
phase transitions, e.g., Guinier-Preston (GP) zone formation,
spinodal decomposition, and ordering.>® These phenomena
have been also studied by molecular-dynamics simulation
and ab initio calculation.’~!" However, studies of the precur-
sors are difficult because they are immediately followed by
the main martensitic transition.

Ti-Ni alloys, which are the most practical SMAs, exhibit
two kinds of martensitic transitions. One is a direct first-
order phase transition from the B2 parent phase (P phase) to
the B19' martensite phase, and the other is a sequence of
first-order phase transitions from the B2 phase to the R phase
and from the R phase to the B19’ phase. Recently, it was
found that these first-order phase transitions in TisyNis,_, Fe,
are suppressed with increasing Fe content, and only the pre-
cursor phenomena are observed when more than 6 at. % of
Fe atoms are substituted for Ni.'? This precursor phenomena
of TisyNisy_ Fe, are recognized as a second-order-like tran-
sition from the P phase to the incommensurate phase (IC
phase). Particularly for TisoNigFes, a commensurate phase
(C phase) appears upon further cooling. The R and C phases
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PACS number(s): 64.70.Rh, 42.40.—1, 64.70.kd

have a similarity that superlattice diffraction spots, such as
%%O diffraction, are observed in selected-area electron-
diffraction patterns. Therefore, Tis)NigFes is a suitable
sample for investigating the lattice modulation accompanied
by the appearance of the superlattice structure.

X-ray fluorescence holography (XFH) is a technique for
the determination of local structures around a selected fluo-
rescing atom in a solid with no prior model.'3"! It can yield
scattering information without the phase ambiguity inherent
in ordinary diffraction methods. The inverse XFH mode'*
applied here uses fluorescing atoms as inner detector to
record the interference between the direct incident and scat-
tered x-rays. The three-dimensional (3D) atomic arrange-
ment around a specified element can be observed in direct
space by a Fourier transformationlike reconstruction method,
which helps to define more precisely the atomic environ-
ments over the 15th coordination shells.'? Recently, we con-
ducted the XFH experiment of TisyNiy4Feq and compared the
atomic images at the P and C phases.'® Subsequently, further
analysis was carried out and it revealed the fine changes of
the atomic arrangement induced by a phase transition, which
will provide hints to the lattice modulation related to the
precursor of the martensite phase transitions of SMAs. In
this Rapid Communication, we will show different local en-
vironments at the P and C phases and discuss the atomic
dynamics related to the phase transition.

TisoNigyFeg exhibits a P-IC transition at 220 K and an
IC-C transition at 180 K.'? In this Rapid Communication,
the temperatures of 225 and 100 K were chosen for obtain-
ing holograms in the P and C phases, respectively. The
single-crystal Tis)NigFeq alloy was grown by a floating-
zone method. The sample was about 6 mm in diameter with
a surface orientation of (110). The lattice constant is a
=3.01 A, which was determined by x-ray diffraction. The
XFH experiment was carried out at beamline BL6C of the
Photon Factory at KEK, Tsukuba, Japan. The x-ray beam
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FIG. 1. (Color) Atomic images on the (001)

lattice plane at z=0 A (upper) and z=1.5 A
(lower) in the P (left) and C phases (right). The
intersections of the dotted lines indicate the ideal

positions of the Ni/Fe atoms in (a) and (b) and the
Ti atoms in (¢) and (d).

from the bending magnet source was monochromatized by a
Si (111) double-crystal monochromator and focused onto the
sample with a Si bent total reflection mirror. The incident
x-ray energies were 8.0-12.0 keV in 0.5 keV steps. Using the
toroidally bent graphite crystal, Fe Ka fluorescent x rays
from the sample were analyzed and focused onto an ava-
lanche photodiode. The fluorescence intensities were re-
corded by scanning the azimuthal angle of the sample ¢ in
the range of 0° = ¢$=360° and the incident angle 6 in the
range of 0° = 6#=70°, each in 1° steps. Details of the setup
are given elsewhere.!®> The measurement time for one single-
energy hologram was about 7 h. The intensity of each pixel
was about 3 X 10° counts. The sample was cooled to 225 K
from room temperature at rate of 1.6 K/min and then was
cooled again to 100 K after 3 days of XFH measurement.
The x-ray absorption fine structure (XAFS) was also mea-
sured near the Fe K absorption edge at 100 and 225 K at
beamline BLOIB2 of SPring-8.

The intensities of fluorescent x rays were normalized to
the incident x-ray intensities and the hologram oscillation
data were obtained by subtracting the background. The ho-
logram data were extended to the 47 sphere using the Pm3m
crystal symmetry of the present sample'’ and the x-ray
standing-wave lines observed in the raw data.

Figures 1(a) and 1(b) show the images on the typical
Ni/Fe atomic plane at z=0 A in the P (225 K) and C (100
K) phases, respectively. The intersections of the dotted lines
indicate the ideal atomic positions of Ni/Fe atoms. Although
the intensities of the atomic images decrease with increasing
distance from the emitter Fe in both the phases, their tenden-
cies are different. Namely, the image intensities of the neigh-
boring atoms of the C phase given in Fig. 1(b), such as those

at 100, 200, and 210 positions, are higher than those in Fig.
1(a). In contrast, the far atomic images in Fig. 1(b), such as
those located at 300, 310, and 320 positions, in the C phase
are weaker than those in the P phase in Fig. 1(a).

Figures 1(c) and 1(d) exhibit the atomic images of the Ti
planes (z=1.5 A) in the P and C phases, respectively. From
the comparison of these two figures, only the images of the
first neighbor Ti atoms have a large difference; these images
are very weak for the P phase but markedly clear for the C
phase. The intensity ratio of the first neighbor Ti in the C and
P phases is 2.2, but such a large intensity change is not
observed in other Ti atomic images. The radial distribution
functions around Fe were obtained from the XAFS data.
However, such a large difference of the first neighbor Ti peak
intensity was not observed between the C and P phases.

To ascertain what occurs at the atomic level during the
phase transition, we focus on the two anomalies mentioned
above, i.e., (1) the image intensities of the first neighbor Ti
atoms are drastically enhanced at low temperature and (2)
the images of the distant Ni/Fe atoms in the C phase are
weaker than those in the P phase. The intensity of all atomic
images gradually increases with decreasing temperature ow-
ing to the suppression of the thermal agitation effect indi-
cated by the Debye-Waller factor.!> However, the above two
findings cannot be explained by a simple Debye-Waller ef-
fect.

In order to understand the observation of the first neigh-
bor Ti atomic images, we introduce an atomic model with a
positional fluctuation. Since the spatial resolution of XFH
images is about 0.5 A,' atomic distributions within 0.5 A
are not resolved by this method. However, such a spatial
atomic fluctuation largely affects the XFH image intensity.
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FIG. 2. Distribution dependence of the intensity of the first
neighbor. The solid and dashed curves correspond to the image
intensity at 100 and 225 K, respectively. Fe and Ti spots indicate a
model of the central emitter and one of its first neighbor atoms. o,
and o, correspond to the displacement of first neighbor Ti atoms
along the radial and angular directions, respectively.

We performed a theoretical calculation of image intensities.
The average length of the Fe-Ti bonds was fixed to be
2.61 A, which was obtained from the XAFS, and does not
change greatly with temperature. The XAFS data also pro-
vided the mean-square displacement along the radial direc-
tion, o,, which is estimated to be 0.091 A at 225 K and
0.058 A at 100 K. We fixed the o, values and calculated the
intensities of the atomic images by changing the mean-
square displacement along the angular direction, o,.

Figure 2 shows the o, dependence of the intensity of the
first neighbor Ti images at 100 (solid curve) and 225 K
(dashed curve). Both the theoretical intensities rapidly de-
crease with increasing o, in the small o, region below 0.2 A
and then saturate in the large o, region beyond 0.4 A. From
this calculation, it is suggested that the large intensity differ-
ence between the first neighbor Ti atoms of the C (100K) and
P (225 K) phases with the ratio of 2.2 can be realized only
when o, in the C phase is a very small value lower than
0.1 A, similar to the o, value, and that in the P phase is
larger than 0.4 A.

Next, we discuss the behavior of the Ni/Fe atomic image
intensities at the distant atoms in the C phase. In order to
clarify the intensity changes upon the phase transition, each
intensity ratio of the atomic images in the C and P phases
was calculated. Figures 3(a) and 3(b) show the intensity ra-
tios given on the Ni/Fe atomic plane at z=0 A and at z
=3.0 A, respectively. The ratios are converted to the light-
ness of the spots. The images of neighboring Ni/Fe atoms
within the radius of about 8 A indicated by dashed circle are
enhanced in the C phase. To confirm the intensity change as
a function of the distance from the center when a normal B2
structure is assumed, we calculated theoretical holograms us-
ing a cluster model with 28 326 atoms for nine incident en-
ergies and obtained the intensity of each atomic image from
their reconstructions. The tendency of the intensity change
depending on the distance in the P phase is similar to that
obtained from the present calculation, and the atomic image
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FIG. 3. (Color online) Atomic arrangements of Ni/Fe planes
with intensity ratios of C and P phases at (a) z=0 A and (b) z
=3.0 A. The dashed circles with the radius of 8 A indicate the area
of a clusterlike structure in the C phase at 100 K. The gray bar
indicates the intensity ratios of the C and P phases. The lightness
shows the atomic image enhancement due to phase transition to C
phase.

in the P phase can be explained by the presence of a uniform
B2 structure of Tis)NigyFeqs. Contrary to this, the distance
dependence of the intensity at the C phase is largely different
from the calculated one. Thus, to interpret the atomic images
at the C phase, a more complex structure model is necessary.
As already discussed, the large spatial fluctuation of the
atoms results in diminishing the intensity of the atomic im-
age. As seen in Fig. 3, the atomic positions within about 8 A
around the Fe atom are strongly fixed in the C phase, and the
atoms outside this range are disordered. This finding indi-
cates the existence of a clusterlike structure in which the
atoms are frozen. However, an Fe atom need not be only at
the center of the cluster as in Fig. 3 because the cluster
includes about four Fe atoms as estimated from the concen-
tration. Even with Fe atoms at any position in the 8 A
sphere, such a clusterlike image will be displayed in the re-
construction because the 3D images obtained by XFH are
averaged local structures. A structure with domain size of a
few nm was reported in a TEM dark-field image of the C
phase,'> which would be related with the formation of the
clusterlike structure found by the present XFH measurement.
For the intensity ratios of Ti atomic images at 100 and
225 K, on the contrary, such a clusterlike structure cannot be
seen because of a large errors in their intensities. The atomic
images of the light Ti atoms may be strongly affected by the
holographic oscillations from the heavy Ni or Fe atoms.
We have separately discussed two topics concerning the
stabilization of the first neighbor Ti atom and the formation
of the clusterlike structure. However, it is very likely that
these two phenomena are closely related to each other. The
dopant Fe atoms cause the positions of the first Ti atoms to
fluctuate in the P phase. This distortion plays an important
role in maintaining the uniform atomic arrangement of
TisoNigsFeg. On the other hand, because of the suppression
of the fluctuation in the C phase, the atoms in the clusterlike
structures are self-organized in their positions and become
locally stable. Since such clusters are not suitable for form-
ing a entire crystal, the atoms between the clusters may dis-
order to bridge the clusters, and thus the image intensities of
the distant atoms are diminished. Moreover, the formation of
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the clusterlike structure may reflect the appearance of the
superlattice structure observed by electron diffraction.!?

Martensitic transitions do not accompany atomic diffu-
sion. Structural change from the P phase to the martensite
phase is achieved by collective atomic movement, such as
shear or shuffling of the lattice planes. Taking into account
the fact that TisgNiyFeq shows the P-IC-C transition instead
of the martensitic transition, a certain number of the cluster-
like structures may disturb the collective atomic movement
because of the barrier of their boundaries. However, the su-
perlattice structure, which causes a similar electron-
diffraction pattern to the R phase, is still observed in the IC
or C phase in Tis,NigFeq (Ref. 12) even though the R phase
transformation was suppressed. It should be noted here that
the morphology of the domain with the superlattice structure
observed in the IC or C phase is similar to that of the w
phase formed in B-Ti and Zr alloys martensitically rather
than that of the R phase of TiNi alloys."”

It was proposed that displacement of lattice plane accom-
panies the B8 to w transition.>®?*23 Point defects such as
substitutions of atoms seem to play an important role in the 3
to w transition, and the displacement of lattice planes induces
locally lattice softening for the phase transition, as proposed
by Clapp.?! As reported by Satija et al.>* and Moine et al.,”
the TA, transverse acoustical phonon branch along [100]
shows a minimum around (%%0)277/ a as a precursor of R
phase transformation. Moreover, Ohba er al.2® reported that
phonon softening also shows a minimum, although R phase
transformation is not observed in Tis,NigFes. Therefore, it is
implied that the formation of the superlattice domain also
induces phonon softening in Tis)NiyFeg.
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Several clusterlike structures are embedded in the super-
lattice domain in TisoNiyyFeg. It is possible to consider that
the martensitic formation of the superlattice domain, such as
the P-IC phase transition, is induced by a colony of the sev-
eral clusterlike structures in the P phase, which plays a role
of a nucleus or an embryo. Therefore, we speculate that since
the clusterlike structures start to form in the P phase in ad-
vance of martensitic P-IC phase transition, the atomistic
structural revolution of forming the clusterlike structures in
the P phase induces the lattice softening as a precursor phe-
nomenon.

In summary, we have discussed the dynamics of the phase
transition of Tis)NiyFeq on the basis of the 3D images ob-
tained by XFH, i.e., the formation of the cluster with a size
of 8 A in the C phase. We believe that our findings provide
an important hint to understanding the mechanism of the
martensite phase transition of the TiNi series. Note that such
structural information cannot be obtained by other methods,
and the present results indicate a possible application of the
XFH.
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