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spaces in which quantum information can be
protected (21). It would be therefore interesting
to search for multi-spin states that are invariant
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larger arrays of trapped ions.

References and Notes

1. W. H. Zurek, Rev. Mod. Phys. 75, 715 (2003).

2. This mechanism is different than the process of
ein-selection in decoherence theory, in which the mutual
interaction between a quantum system, a measurement

Lett. 109, 103601 (2012).
11. D. B. Hume, T. Rosenband, D. J. Wineland, Phys. Rev.
Lett. 99, 120502 (2007).
12. A. H. Myerson et al., Phys. Rev. Lett. 100, 200502 (2008).
13. A. Keselman, Y. Glickman, N. Akerman, S. Kotler,
R. Ozeri, New J. Phys. 13, 073027 (2011).
14. B. B. Blinov, D. L. Moehring, L. M. Duan, C. Monroe,
Nature 428, 153 (2004).
15. J. Volz et al., Phys. Rev. Lett. 96, 030404 (2006).
16. N. Akerman, S. Kotler, Y. Glickman, A. Keselman,
R. Ozeri, App. Phys. B, 10.1007/500340-011-
4807-6 (2011).
17. Materials and methods are available as supplementary
materials on Science Online.

Acknowledgments: Y.G. and S.K. have equally contributed
to this work. We thank N. Davidsson and D. Stamper-Kurn
for useful comments on the manuscript. We gratefully
acknowledge the support by the Israeli Science Foundation,
the Minerva Foundation, the German-Israeli Foundation
for scientific research, the Crown Photonics Center, and

M. Kushner Schnur, Mexico.

Supplementary Materials
www.sciencemag.org/cgi/content/full/339/6124/1187/DC1
Materials and Methods

Figs. S1 to S4

3 September 2012; accepted 2 January 2013
10.1126/science.1229650

nanowires, as illustrated in Fig. 1A. Second, SIMT
and dislocation slip are fundamentally different
processes at the atomic scale. Whereas the inelastic
shear strain between two adjacent atomic planes
approaches 100% after dislocation slip (17), the
atomic-level inelastic or transformation strain is
~10% after SIMT in typical SMAs such as NiTi
(16). Therefore, inelastic strain incompatibilities
(which must be compensated for by the elastic
strain field to maintain cohesion) are much milder
at the SMA-nanowire interface than at typical
dislocation piled-up interfaces.

To verify this hypothesis, we selected Nb
nanowires to be combined with a NiTi SMA.
The NiTi-Nb system with ~20 atomic % Nb un-
dergoes eutectic solidification into a microstruc-
ture consisting of fine Nb lamellae (18), which
can be converted into Nb nanowires through se-
vere plastic deformation. In this study, an ingot
with a composition of Nig; TizgNbyo (atomic %)
was prepared by means of vacuum induction
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Freestanding nanowires have ultrahigh elastic strain limits (4 to 7%) and yield strengths,

but exploiting their intrinsic mechanical properties in bulk composites has proven to be difficult.
We exploited the intrinsic mechanical properties of nanowires in a phase-transforming matrix

based on the concept of elastic and transformation strain matching. By engineering the microstructure
and residual stress to couple the true elasticity of Nb nanowires with the pseudoelasticity of a NiTi
shape-memory alloy, we developed an in situ composite that possesses a large quasi-linear

elastic strain of over 6%, a low Young s modulus of ~28 gigapascals, and a high yield strength of
~1.65 gigapascals. Our elastic strain-matching approach allows the exceptional mechanical properties
of nanowires to be exploited in bulk materials.
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well dispersed and well aligned, with strong inter-
facial bonding. The elastic strain limit achieved
in the Nb nanowires in this type of composite is
only ~1.5% (13, 14), far below what may be ex-
pected of freestanding nanowires (3 9).

To optimize the retention of nanowire prop-
erties in a composite, we hypothesize that the
matrix should not deform via sharp microscopic
defects such as cracks or dislocations but rather
should be rubbery or gluelike, which suggests
the use of a shape-memory alloy (SMA) as the
matrix. There are two main differences between
an SMA matrix and a conventional, plastically de-
forming metal matrix. First, macroscopically, SMA
supports a large pseudoelastic strain of ~7% by
stress-induced martensitic transformation (SIMT)
(15, 16), which is a strain magnitude comparable
to nanowire elasticity (3 9). Use of an SMA as
the matrix allows one to match the high pseudo-
elasticity of the SMA with the high elasticity of

exhibit a large elastic strain, a low Young s

modulus, and a high strength because of the
intrinsic trade-off relationships among these prop-
erties (1, 2). A low Young s modulus in a single-
phase material usually means weak interatomic
bonding and thus low strength. Because of the
initiation of dislocation activity and/or early fail-
ure caused by structural flaws, the elastic strain
of bulk metals is usually limited to less than 1%.
Because freestanding nanowires have ultrahigh
elastic strain limits (4 to 7%) and yield strengths
(3 9), it is expected that composites made with
nanowires will have exceptional mechanical prop-
erties. However, the results obtained so far have
been disappointing (10), primarily because the in-
trinsic mechanical properties of nanowires have
not been successfully exploited in bulk composites
(10 12). A typical example is the Nb nanowire
Cu matrix composite, in which the nanowires are

I t is challenging to develop bulk materials that
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melting (fig. S1). Macroscopic wires of the
in situ composite (nanowire in situ composite
with SMA, hereinafter referred to as NICSMA)
with diameters of 0.3 to 1.0 mm were subse-
quently fabricated by forging, wire-drawing, and
annealing (Fig. 1B) (19). The typical micro-
structure of NICSMA (Fig. 1, C to E) consists of
Nb nanowires formed in situ with a mean diameter
of 60 nm, well dispersed and well aligned in the
NiTi matrix along the wire axial direction, with
well-bonded interfaces. The selected-area electron
diffraction (SAED) pattern (Fig. 1F) is indexed to
body-centered cubic Nb and B2-NiTi phases. The
phase components of the composite were fur-
ther characterized by high-energy x-ray diffrac-
tion (HE-XRD) (fig. S2) and energy-dispersive
x-ray spectroscopic analysis (fig. S3). Both SAED
and HE-XRD demonstrate that the Nb nanowires
are well oriented with its [110] direction parallel to
the wire axial direction. Figure 1, G and H, shows
the morphologies of freestanding Nb nanowires
obtained by removing the NiTi matrix via elec-
trolytic etching (fig. S4), revealing that the Nb
nanowires have lengths ranging from 1 to 100 mm
and a mean aspect ratio exceeding 100.

In situ synchrotron HE-XRD (fig. S5) was
carried out on NICSMA at room temperature. The
evolution of the diffraction peaks for B2-NiTi
(211) and B19-NiTi (001) (fig. S6) indicates
that the NiTi matrix underwent an elastic defor-
mation followed by SIMT during tensile load-
ing. Figure 2A shows the evolution of d-spacing
strain with respect to the applied macroscopic
strain for the Nb (220) plane perpendicular to
the loading direction, illustrating that the Nb
nanowires exhibited a tensile elastic strain of
4.2% when embedded in the SIMT matrix. This
elastic strain limit of the Nb nanowires is com-
parable to that of freestanding nanowires (3 9).
Furthermore, the elastic strain limits of the nano-
wires embedded in the SIMT matrix increase
gradually with decreasing nanowire diameter.
The maximum elastic strain limit of the Nb nano-
wires observed (fig. S7) was 6.5% (the red curve
in Fig. 2A). In contrast, we found that, whenever
the NiTi matrix deformed by dislocation slip in-
stead of by SIMT after the initial elastic defor-
mation (fig. S8), the elastic strain limits of the
Nb nanowires are greatly reduced to ~1.3% (the
black curve in Fig. 2A). Figure 2B shows a com-
parison of the elastic strain limits of (a) Nb nano-
wires in the matrix deforming by dislocation slip
(13, 14, 20 22), (b) Nb nanowires in the matrix
deforming by SIMT, and (c) some freestanding
nanowires (3 9).

After pretreatment with a tensile strain cy-
cle of 9.5%, the bulk NICSMA exhibited a
large quasi-linear elastic strain of over 6%, a low
Young s modulus of ~28 GPa, and a high yield
strength of minimum 1.65 GPa within the tem-
perature range of 15° to 50°C (Fig. 3, A and B).
In comparison with other known bulk metals with
low Young s moduli  for example, Mg, Al, and
Ti alloys and gum metals (1, 2, 23, 24) the yield
strength of NICSMA is superior. Figure 3, C and

D, shows general comparisons of the elastic strain
limit, Young s modulus, and yield strength of
NICSMA and other metals (1, 2, 23 25) and hu-
man bones (23). NICSMA occupies a unique spot

on a chart of the mechanical properties of various
bulk materials (fig. S9) and possesses good cyto-
compatibility (figs. S10 and S11) and corrosion re-
sistance in a physiological environment (fig. S12).
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Fig. 1. (A) Schematic of the design concept of NICSMA. Schematic tensile stress-strain curves of a high-
strength metallic nanowire (I), an SMA (II), and a NICSMA (lll). (B) A coil of NICSMA wire with a diameter
of 0.5 mm. (C) Transmission electron microscopy (TEM) image of a longitudinal section of NICSMA wire.
NW indicates nanowire. (D) Scanning TEM image of the cross section of NICSMA wire (bright regions, cross
sections of Nb nanowires; dark regions, NiTi matrix). (E) High-resolution TEM image of the interface
between the Nb nanowire and the NiTi matrix. (F) SAED pattern from a longitudinal section of NICSMA
wire. (G) Macroscopic appearance of a bundle of freestanding Nb nanowires. (H) Scanning electron
microscopy image of the freestanding Nb nanowires.
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Fig. 2. Elastic strain limits of nanowires. (A) Evolution of the d-spacing strain with respect to the
applied macroscopic strain for the Nb (220) plane perpendicular to the loading direction in the NICSMA
wires in which the NiTi matrix deformed by SIMT and dislocation slip. The green curve (with a maximum
strain of 4.2%) corresponds to the sample shown in Fig. 1 with 60-nm-diameter Nb nanowires. The red
curve (with a maximum strain of 6.5%) corresponds to a different sample (fig. S7), with even narrower
Nb nanowires. (B) Comparison of the elastic strain limits of (a) Nb nanowires embedded in the matrix
deforming by dislocation slip (13, 14, 20 22), (b) Nb nanowires embedded in the matrix deforming by
SIMT, and (c) some freestanding nanowires (3 9).
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Fig. 3. Typical macroscopic mechanical properties
of NICSMA. (A) Tensile stress-strain curves of a pre-
treated NICSMA at 15°, 30°, and 50°C. sg, yield
strength; E, Young s modulus; e, elastic strain limit.
(B) Cyclic tensile stress-strain curves of a pretreated
NICSMA at room temperature. (C) Comparison of
the yield strengths and elastic strain limits of dif-
ferent materials. (D) Comparison of the yield strengths
and Young s moduli of different materials.
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Fig. 4. Microscopic responses of NICSMA revealed by in situ synchrotron
HE-XRD. (A) Evolution of the d-spacing strain for Nb (220) and B2-NiTi
(2112) planes perpendicular to the loading direction during the pretreat-
ment. (Inset) The macroscopic stress-strain curve of the pretreatment. (B)
Evolution of the diffraction peaks of Nb (220), B2-NiTi (211), and B19 -NiTi
(001) during the pretreatment. (C) Evolution of the d-spacing strain for Nb
(220) plane perpendicular to the loading direction during the subsequent
tensile cycle. (Inset) The cyclic stress-strain curve. (D) Evolution of the rela-
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tive intensity of the B19 -NiTi (001) diffraction peak during the subsequent
tensile cycle. The relative intensity is defined as the ratio of the integrated
area of the B19 -NiTi (001) diffraction peak at a given applied strain to
that of the B19 -NiTi (001) diffraction peak at the maximum applied strain.
(E) Evolution of the diffraction peaks of Nb (220), B2-NiTi (211), and B19 -
NiTi (001) during the subsequent tensile cycle. The B2-versus-B19 peak
intensity changes continuously, indicating continuous SIMT throughout the
tensile loading.
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