dEmmEEnE i
in the films grown on the rolled-textured Ni.
These pinning sites may be associated with
growth-induced defect structures (25) or
low-angle grain boundary pinning, or both
(16, 17). The J(77 K, H) behavior for
Bi,Sr,Ca,Cu;0, (Bi-2223)/Ag (26) and
TIBa,Ca,Cu;Oq,, (TL-1223)/YSZ  (27)
tapes are also shown for comparison.

The temperature (T) dependence of ],
measured in magnetic fields of 0, 3, and 8 T
applied parallel to the YBCO ¢ axis, is
shown in Fig. 4. The J (T) behavior for the
YBCO films on the rolled-textured Ni tapes
is comparable with that observed for epi-
taxial films on oxide single crystals, which
is consistent with the absence of high-angle
grain boundaries in the YBCO film. For
comparison, we also show data for conven-
tional low-T_ superconducting NbTi and
Nb;Sn wires (T, is the superconducting
transition temperature) (28) as well for
Bi,Sr,CaCu,O, (Bi-2212)/Ag (29), Bi-
2223/Ag (30), and T1-1223/poly-YSZ (27)
HTS wires and tapes. Clearly, the perfor-
mance of the epitaxial YBCO on rolled-
textured Ni tape, in terms of ], is far supe-
rior to that of these other superconducting
wire technologies, both for zero-magnetic
field and high-magnetic field applications.
In particular, the zero-field J. of the YBCO
on rolled Ni at 77 K is significantly higher
than the J_ of state-of-the-art Bi-2223, Bi-
2212, or T1-1223 wires and tapes at 4.2 K.
In addition, J (T, H = 8 T) for the YBCO/
RABITS is higher than ] (T, H = 0) for the
Bi-2223/Ag and TI1-1223/YSZ wires in zero
field acall T < 65 K. At T < 40K, J (H)
for these films is greater than for conven-
tional low-T_ superconductors, such as
NbTi and Nb,Sn, operating at 4.2 K. Thus,
the use of rolling textured metal substrates,
coupled with the epitaxial growth of appro-
priate buffer layer architectures and super-
conducting films, represents a viable means
for producing long superconducting tapes
for high-current, high-field applications at
77 K, particularly if high values of the “en-
gineering” J, defined as the critical current
per total conductor cross-sectional area (in-
cluding substrate thickness), can be realized
with thinner substrates or thicker YBCO
films.
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Creation of Nanocrystals Through a Solid-Solid
Phase Transition Induced by an STM Tip

Jian Zhang,* Jie Liu,* Jin Lin Huang, Philip Kim,
Charles M. Lieberf

A scanning tunneling microscope (STM) was used to fabricate T-phase tantalum di-
selenide (TaSe,) nanocrystals with sizes ranging from 7 to more than 100 nanometers
within the surface layer of 2H-TaSe, crystals at liquid helium temperature. Atomic-
resolution images elucidate the structural changes between T- and H-phase regions and
were used to develop an atomic model that describes a pathway for the production of
T-phase nanocrystals from the H-phase crystal precursor through a solid-solid phase
transition. The size-dependent properties of these nanocrystals may lead to improved
understanding of the physics of charge density waves in small structures.

The development of new methods for the
preparation of nanostructures is important
in both meso- and nanoscale research be-
cause it is often the creation of these struc-
tures that limits studies of potentially inter-
esting physical phenomena. Scanned probe
microscopes, such as STMs and atomic
force microscopes (AFMs), can in principle
both create and probe the properties of very
small nanoscale structures. For example, the
STM has been used to manipulate individ-
ual atoms and molecules into structures (I—
4), to probe quantum behavior in several
nanostructures (5, 6), and to lithographi-
cally pattern surfaces (7, 8). The AFM has
also been used to create nanostructures,
including electronic (9) and mechanical
(10) devices, by selective oxidation and
nanomachining.
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We report here an approach for the
fabrication of nanostructures that uses
the tip of an STM to drive a solid-solid
phase transition in which 2H-TaSe, is
transformed locally to nanometer-scale
domains of T-phase TaSe,. Both 1T- and
2H-TaSe, are layered materials consisting
of covalently bonded two-dimensional
(2D) Se-Ta-Se layers in which the Se
atom sheets exhibit a hexagonal close-
packed structure and the Ta atoms are in
octahedral (1T) or trigonal prismatic (2H)
holes defined by the two Se sheets. The
3D structure of these materials consists of
stacks of the three-atom layers, .
Se-Ta-Se/Se-Ta-Se ..., that are held
together by weak dispersion forces (11,
12). The structural parameters oof 2H-
TaSe, (a = 3.43 A; ¢/2 = 635 A) and
IT-TaSe, (a = 3.48 A; ¢ = 6.26 A) are
similar. The electronic properties of these
two phases, which are defined primarily by
trigonal prismatic or octahedral bonding
in a single layer, are quite distinct: 2H-
TaSe, exhibits a weak charge density wave
(CDW) that forms at 122 K and becomes
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commensurate with the atomic lattice (3a
by 3a) at 90 K, whereas 1T-TaSe, exhibits
a very strong CDW that forms at >600 K
and becomes commensurate (V13a by
V13a, R 13.9°, where R is the degree of
rotation of the CDW relative to the atom-
ic lattice) at 473 K. We found that we
could produce at 4.8 K nanocrystals of
T-phase TaSe, in single crystals of 2H-
TaSe, by increasing the local electric field
above a threshold value. Atomic-resolu-
tion images of the nanocrystals and sur-
rounding region demonstrate that the
nanocrystals are T-phase material. These
images elucidate the atomic changes at
the boundary between the T-phase nano-
crystal and the H-phase TaSe, and have
been used to develop an atomic model of
this structural transformation. In addition,
investigations of the dependence of
nanocrystal formation on applied voltage
and on the degree of separation between
the sample and tip show that the size of
the resulting nanocrystals can be con-
trolled by the magnitude of the applied
electric field.

Experiments were carried out with an
ultrahigh-vacuum (UHV) STM at 4.8 K.
The bias voltage in all of these experiments
was applied to the tip. High-quality 2H-
TaSe, single crystals were grown by iodine
vapor transport and characterized by x-ray
diffraction, magnetic susceptibility, and re-
sistivity measurements (I1). Single crystals
of 2H-TaSe, were cleaved in UHV within
the room-temperature region of our STM
system and were then transferred in UHV
to the 4.8 K stage of the STM.

Two single crystals were used in our
studies, and we examined ~10 distinct
surfaces on these crystals in separate ex-
periments by cleaving as described above.

The results from these experiments were
all similar. A typical large-scale image of
the cleaved 2H-TaSe, crystal at 4.8 K
(Fig. 1A) shows both the hexagonal atom-
ic lattice of the surface Se atom sheet and
the expected 3a by 3a superlattice corre-
sponding to the commensurate CDW state
in 2H-TaSe, (11, 12). After recording this
image, we positioned the STM tip at the
center of the image and momentarily in-
creased the electric field between the tip
and sample by raising the bias voltage to
—1.30 V and decreasing the tip-sample
separation (13). The image of the crystal
surface after this modification step (Fig.
1B) shows significant changes. In particu-
lar, we observed a roughly hexagonal re-
gion, 35 nm in diameter, at the center of
the image that exhibits a large corrugation
amplitude with a lattice constant of 1.25
nm. This spacing was similar to but larger
than the 1.03 nm wavelength (\) of the
CDW in 2H-TaSe,. The orientations of
each of the distinct regions of the high-
amplitude lattice were also rotated ~*14°
relative to the weak 3a by 3a CDW super-
lattice of the surrounding 2H-TaSe, crys-
tal. The STM modification procedure and
resulting structural changes (Fig. 1B) were
quite reproducible; that is, the success
probability can approach 90% (14).

A reasonable explanation for these ob-
servations is that the central hexagonal
region corresponds to a nanocrystal of T-
phase TaSe, (it is well known that 1T-
TaSe, exhibits a large-amplitude CDW
that is rotated 13.9° relative to the atomic
lattice) (11, 12). We have confirmed this
proposal using atomic-resolution images
(Fig. 2A). The atomic lattices in both the
modified and surrounding regions exhibit
hexagonal meshes with the same lattice

Fig. 1. (A) STM image of a single crystal of 2H-TaSe,. The atomic lattice and 3a by 3a CDW superlattice
are visible. (B) Image of the surface region in (A) after a voltage modification pulse of —1300 mV had been
applied to the tip (73). The probability of crystal modification was similar with the use of either negative
or positive applied voltages. Both images were recorded with tunneling currents of 50 pA and bias
voltages applied to the tip of 500 mV. The small open blue circles in (A) and (B) highlight the orientations
of the 3a by 3a CDW superlattices and the orientation of one domain of the new superlattice created

after the modification step. Scale bars, 5 nm.
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constant (a ~ 3.4 A) and orientation. The
atomic lattices in both regions do, howev-
er, have a relative shift across the interface
separating the two regions. These results
are consistent with the known lattice con-
stants of the T- and H-phases and the fact
that the H-phase can be converted to the
T-phase through a coherent shift of one of
the Se atom sheets in a Se-Ta-Se layer.
Examination of the nanocrystal CDW su-
perlattice and atomic lattice also confirms
that the CDW forms the V13a by V134,
R 13.9° superlattice expected for the com-
mensurate state of single-crystal 1 T-TaSe,
(11, 12). In addition, cross-sectional pro-
files (for example, Fig. 2B) taken through
the T-phase nanocrystal and surrounding
H-phase region demonstrate that both
phases are in the same layer; that is, there
is no step observed at the boundary be-
tween the two regions. Taken together,
these results suggest that the central T-
phase TaSe, nanocrystal was created by a
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Fig. 2. (A) Atomically resolved topographic image
of the interface between H-phase and T-phase
regions in TaSe,. The upper left region is H-phase
TaSe,; the lower right region is the T-phase re-
gion. The large-amplitude V/13a by V13a CDW
in this latter region obscures some of the atomic
structure. The longer black line running across the
image from upper left to lower right corresponds
to the cross section in (B). This line follows the
direction of the T-phase CDW superlattice and is
rotated 13.9° relative to the atomic lattice in the
H-phase region. The short black lines in the lower
right half of the image mark the direction of the
atomic lattice rows approaching the H-T interface
from both H-phase and T-phase regions. The
lines corresponding to the lattice rows in the two
regions are parallel but are displaced by a fraction
of a lattice constant relative to each other. Scale
bar, 2 nm. (B) Corrugation profile corresponding
to the longer black line in (A).



local solid-solid transformation of the 2H-
TaSe, crystal induced by the STM tip.

Several important questions are associ-
ated with our proposed solid-solid phase
transition mechanism: (i) how the H-
phase TaSe, structure converts to the T-
phase, and (ii) how the STM tip interacts
with the sample surface to drive this trans-
formation. Correlated motion of Se atoms
at the solid-vacuum interface in the top-
most layer of H-TaSe, could be driven by
the electric field of the STM tip. Al-
though the direction of the force arising
from the electric field is radially symmet-
ric about the tip, there are three energet-
ically favorable directions for Se atom dis-
placements due to the lattice symmetry.
These directions (see Fig. 3A) are
[1,0,_1,0], [_1,1,0,0], and [O)_I)I)O]
The minimum displacement to convert H-
to T-phase involves collective motion of
Se atoms by (V3/3)a along one of the
three directions. This displacement con-
verts the trigonal prismatic coordination
of H-phase TaSe, to the octahedral coor-
dination that typifies the T-phase (Fig. 3,
A and B). This change in Ta coordination
produces a large change in electronic
structure that is manifested by the distinct
CDW states of the T- and H-phases. In
addition, the T-phase TaSe, nanocrystal
in our model should be a one-layer single
crystal with a small percentage of Se va-
cancies or adatoms (15).

This model predicts that the Se atoms at
the interface will form a rectangular rather
than hexagonal structure and that the sur-
face Se rows from the T- and H-phase re-
gions will have a (V3/6)a (=1.0 A) mis-
match at the interface (Fig. 3C). This mod-
el also requires no shifting of the Ta sublat-
tice. Analysis of the experimental data (Fig.
3C) shows that the Se atoms at the sharp
boundary between T- and H-phase regions
define a rectangular cell (16) and that the
mismatch of atomic rows in both regions
(highlighted by solid lines) is 1.1 * 0.1 A.
The relatively good agreement between the
experimental data and our model indicates
that this model should provide a useful
framework for understanding this solid-solid
phase transition.

We believe that this transformation is
driven in large part by the large electric
field at the apex of the STM tip. The size
of the T-phase nanocrystals increases with
increases in the bias voltage used to in-
duce the transformation (Fig. 4, A to C)
(17). No transformation from H- to T-
phase was observed when the STM tip was
brought into contact with the surface or
pushed into the surface with low applied
voltages. Hence, purely mechanical defor-
mations of the sample cannot drive this
structural transformation. In addition, we

do not expect that the estimated temper-
ature rise (I18) during the transformation
process, 2 to 10 K, will have a significant
effect on the mechanism. Moreover, al-
though the intense electric field in STM
experiments is localized (~10 nm) under
the tip position (19), the T-phase nano-
crystals created in our studies can be con-
siderably larger in size: 7 to >100 nm. At
present, we do not have a detailed expla-
nation for this apparent size mismatch,
although it is possible to speculate about

Fig. 3. (A) An atomic
model highlighting the
initial (purple) and final
(green) positions of Se
atoms at the surface-
vacuum interface in the
H- to T-phase transfor-
mation. The displace-
ment vectors for each of
these Se atoms are de-
noted by black arrows.
These vectors convert
the local Ta atom (blue)
coordination from trigo-
nal prismatic to octahe-
dral. As illustrated, the
Se atoms of this upper
sheet are displaced
along three directions
from the center where
the STM tip would be lo-
cated. The displace-
ments thus create Se
atom vacancies that are
indicated by filled white
circles atop the green
surface Se atoms. (B)
Side views of H (left) and
T (right) Se-Ta-Se layers
highlighting the trigonal
prismatic and octahedral
coordination of Ta, re-
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its origin. For example, the structural
transformation is likely driven initially in
a small region under the tip by electric
field—assisted inelastic tunneling (20),
but, because relaxation is slow at 4.8 K
(that is, there are few phonon modes
available), the structural transformation
propagates laterally from the region of in-
tense field; the extent of propagation may
also be assisted by the weaker field that is
present away from the tip apex. The prop-
agation of the structural transformation is

yYVvYVYVYYVYY

spectively. (C) A portion of the model and an experimental image focusing on the interface between
T-phase (left) and H-phase (right) TaSe, regions. The Se atoms in the surface layer of the H-phase region
lie directly on top of the lower sheet of Se atoms. The lines highlight the mismatch of the T-phase and
H-phase Se surface lattice rows at the interface. The positions of the Se atoms on the T-phase and
H-phase sides of the interface are indicated by small green and purple filled circles, respectively.

Fig. 4. (A to C) STM images of T-phase TaSe, nanocrystals that were created through the use of
different applied voltages. The T-phase nanocrystals in these images are all located near the center of
the image frame. The nanocrystals were made with modification voltages of —1.40, —1.30, and —1.20
mV, respectively. Similar results were also observed with positive applied voltages. Scale bars, 10 nm
(A), 5nm (B), and 1 nm (C).
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ultimately limited by the energetic cost of
forming Se vacancies (or adatoms), the
energy of the growing H-phase-T-phase
interface (which is proportional to r, the
radius of nanocrystal), and phonon exci-
tations. Further research on the effects of
tip-sample separation, voltage pulse dura-
tion, and temperature on the creation of
nanocrystals should help to elucidate the
details of the transformation mechanism.

We believe that the use of the STM to
drive solid-solid phase transitions is an
exciting approach for the construction of
nanocrystals and may also provide inter-
esting opportunities to study solid-solid
phase transformations. Fabrication of
nanocrystals is usually a challenge with
the STM because it is difficult and time-
consuming to manipulate the hundreds to
thousands of individual atoms needed to
construct crystals with nanometer dimen-
sions. In our studies, the fabrication step is
simplified through the collective motion
of many atoms at once. Earlier work has
shown that voltage pulses applied to an
STM tip can modify the surface region of
materials by field-assisted ion transport
(21) and heating-induced crystallization
(22); however, these modifications do not
correspond to well-defined crystal-crystal
transformations and in this regard are dis-
tinct from the present work.

Preliminary studies of 2H-TaS, and
4H-TaSe, showed that the STM can be
used to drive a local solid-solid phase tran-
sition, which resulted in the formation of
T-phase nanocrystals, in these related ma-
terials as well. On the basis of the pro-
posed mechanism and our results, we be-
lieve the existence of a relatively low-
energy pathway (for example, crystal shear
of the Se atom layer in TaSe,) that con-
verts one phase to another is an essential
material feature for the STM-driven trans-
formation. More generally, it may be pos-
sible to transform layered materials that
exhibit distinct crystal phases by using our
approach if there is a pathway involving
shear of atomic layers between the two
phases. We speculate that MoTe,, which
exhibits semiconducting and metallic
phases (23), may be transformed in this
way.

Our results provide an opportunity for
probing the basic physics of CDW forma-
tion. It is widely recognized that Fermi sur-
face nesting plays a central role in CDW
formation (24). For sufficiently small nano-
crystals, the concept of a Fermi surface is,
however, not well defined. This has not been
an issue in earlier studies of isolated nano-
crystals (25) where the essential physics is
that of wave function confinement (that is,
particle in a box). We have found that it is
possible to control the size of T-phase TaSe,
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nanocrystals by varying the applied volt-
age during the tip-induced modification
(Fig. 4). The three T-phase nanocrystals
in these images have dimensions of 70, 17,
and 7 nm. Qualitatively, the largest T-
phase TaSe, nanocrystal (Fig. 4A) exhib-
its a relatively uniform commensurate
CDW state. In the smallest T-phase TaSe,
nanocrystal (Fig. 4C), both the intensity
and wavelength of the CDW are obviously
distorted relative to the uniform state ob-
served in single crystals or large nanocrys-
tals. The CDW amplitude is larger at the
center of the triangular nanocrystal, and
the wavelength appears to decrease from
~1.2 nm at the center to ~1.0 nm at the
edge. In our system, T-phase nanocrystals
are embedded in the H-phase such that
only small distortions in the atomic lattice
are expected at the interface between the
T- and H-phases. If we assume that the
edges of the T-phase nanocrystal are bulk-
like, then for symmetric nanocrystals we
can apply periodic boundary conditions
and recover a pseudo-Fermi surface that
mimics the bulk Fermi surface. However,
the discreteness of the eigenstates leads to a
dispersion in the CDW nesting wave vectors
Q not present in the bulk (infinite) system.
The dispersion, AQ, is ~2/L, where L is the
size of the nanocrystal. In real space, there
is a corresponding dispersion in CDW
wavelength, AN ~ A?/L. Notably, the
wavelength dispersions estimated for the
17 and 7 nm nanoclusters based on our
rough Fermi surface model, 0.9 and 2.2 A,
are similar to the dispersion estimated
from the experimental images, 1.5 and 2.7
A, respectively (26).

More experimental and theoretical work
is obviously needed if we are to understand
fully the effects of size on the collective
CDW state. However, we believe that the
present results and analysis open an excit-
ing area of nanocrystal research.
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tions with electrochemically etched Ir tips. Because
the etched Ir tips yield relatively reproducible bias-
dependent modifications, which suggest that their
shapes are similar, we believe that the major effect of
these experiments is a variation in the electric field
(which also depends on both the tip-sample separa-
tion and the tip shape).
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