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ABSTRACT

We report synthesis of nanowires and nanoribbons of the charge-density-wave conductor NbSe 3 through direct reaction of Nb and Se powders.
The transverse dimension of the obtained nanostructures, as identified with scanning/transmission electron microscopy, ranges from 20 to

700 nm. X-ray and selected area electron diffraction analyses indicate that these nanowires and nanoribbons are single crystalline. Four-probe
resistivity measurements confirm the expected charge-density-wave transitions, and furthermore, we find significant enhancement in the
depinning threshold fields, which we attribute to a confinement effect.

Niobium triselenide (NbSgis a low-dimensional inorganic  are either complicatéélor can induce defectd Furthermore,
conductor, which shows a variety of nonlinear transport these methods can produce only a limited quantity of
properties associated with charge-density-wave (CDW) phasenanoscale samples.

transitions at 59 and 145 K3 NbSe crystals possess a In this article we report an efficient one-step approach for
pseudo one-dimensional structure with infinite chains of Synthesizing Nb%nanowires and nanoribbons through
triangular prismatic units parallel to theaxis*°The chains  direct reaction of Nb and Se powders in an evacuated quartz
with strong bonding are separated by relatively large tybe. This method provides a simple way to obtain NbSe
distances. As a result, the compound exhibits remarkablenanostructures in unlimited quantities. We characterized the
anisotropy in most of its physical properties and has been astructure, morphology, and electronic properties of these
model system for quasi-one-dimensional CDW studies. NbSg nanostructures. We find that the nanostructures are
Intensive investigations including CDW transport and pinning single-crystalline with high aspect-ratios and exhibit CDW
effects? structural determinatiohNMR ° TEM,* STM®and  pehavior with a larger depinning field than that found in bulk
AFM?** have been performed on pure and doped NbSe Npse samples.

crystals. Interest has turned lately to the study of such
properties in confined structures. For example, a significant
size effect on the threshold field for CDW depinning has
been found in micrometer-sized sampléEfforts have also
been made to study CDW properties in nanometer-sized
samples3 15> Novel collective pinning properties such as
dimensionality crossover from two- to one-dimenstdrave
been reported including the disappearance of the CDW
properties with shrinking sample sizE€sThe current pro-
cesses for fabricating nanoscale NbSamples, however,
are relatively inefficient and include two steps. First, bulk
NbSe ribbons are synthesized through a standard crystal
growth proceduré and nanoscale structures are derived from
bulk ribbon-like structures with either e-beam lithography
followed by plasma etchirg or ultrasonic shaking that
exploits the weak bonds between chédihShese approaches

Stoichiometric quantities of high purity>©9.99%) nio-
bium and selenium powders with particle sizes of several
micrometers were combined. The mixture was ground and
sealed in an evacuated quartz ampule of 17 mm in inner
diameter and-15 cm in length, after purging repeatedly with
high purity Ar gas to ensure an oxygen free environment.
Ampules were then heated to various temperatures, ranging
from 580 to 950°C at the rate of 3C/min and maintained
at these synthesis temperaturesifé before cooling to room
temperature at 2C/min. We calibrated the furnace temper-
ature where the quartz ampule is located with a type-K
(Chromel-Alumel) thermocouple. The temperature stability
is about+ 2 °C. Powder X-ray diffraction (XRD) analysis
with a monochromatic Cuki(= 1.540598) radiation source
was used to determine the phase of the product. The
morphological and elemental analyses were performed by
. . — . . SEM (Hitachi S-4700-11) and EDS, respectively. A TEM
*g%rg%igoagt?gnzFT:tgbrEa-trcIJ]FyI.I: xiao@anl.gov or zxiao@niu-edu. (e Tecnaj F20ST) equipped with selected area electron
*Northern lllinois University. diffraction (SAED) attachments was used to obtain structural
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Figure 1. NbSe nanowires synthesized at 700. (a) SEM image
and (b) X-ray diffraction pattern.

information on individual nanowires. The CDW properties 10 1/nm
of these nanostructures were characterized with standard four- I
probe transport measurements.

We begin by discussing the morphology and structure of Figure 2. TEM image (a) of a nanoribbon and its corresponding
the NbSg nanowires synthesized at 760. Figure 1a shows SAED pattern (b) obtained from the marked area in (a).
a typical SEM image of the Nbgeanostructures. They are
tens of micrometers to a few millimeters in length. Their axis while the smallest dimension of nanoribbons is along
typical cross-section is rectangular. Following conventional the a axis.
terminology!2 nanowires (nanoribbons) will be used to refer ~ To explore the synthesis parameters, we synthesized;NbSe
to the nanostructures with width smaller (larger) than 5 times samples at various Se vapor pressures, heating/cooling rates,
the thickness. The widths of the synthesized nanostructuressintering times, and sintering temperatures. We found that
range from~20 nm to~700 nm, although occasionally, sintering temperature plays a crucial role in Nb®&ano-
bundles with width up to micrometers can also be observed. structure growth while the effects of other parameters are
The nanoribbons can be as thin as a few nanometers. Thenegligible. To study temperature effects, mixtures of Nb and
XRD pattern, shown in Figure 1b, indicates that the Se powders were heated in an evacuated quartz tube to
compound is single-phase NhSwith lattice constants  various temperatures between 580 and 950°C. In each
consistent with the monoclinic structure reported in the run, identical quartz ampules and equivalent amounts of
literature (PDF 29-0950). starting material were used. In all cases, only the sintering

Figure 2 shows a TEM image (a) of a nanoribbon and its temperature was varied while heating and cooling profiles
corresponding SAED pattern (b) obtained from an area were unchanged. At temperatures above ¥D0ve observed
marked in Figure 2a. This particular nanoribbon~230 that the ampule filled with brownish Se vapor. The higher
nm in width and its thickness is estimated to be of the order the temperature, a thicker Se vapor was observed. During
of 20—30 nm. The contrast of the TEM image is due to the the cooling process, the Se vapor condensed into the
bend contour (diffraction effect). The SAED pattern (Figure compound.
2b) agrees with that of the literature for single crystals. Figure 3 shows the SEM images (left) and XRD patterns
SAED patterns from the entire length of the ribbon display (right) of samples sintered at 600, 610, 630, 750, and 850
the same patterns except for slight diffraction conditions due C. At 600°C, XRD shows that the sample consists oLS&
to local bending, indicating that the ribbon is a single crystal. (asterisks) and a small percentage of NbSelid circles).
NbSe nanowire and nanoribbon axes are parallel tollhe The size of the particles is in the micrometer range, as

398 Nano Lett, Vol. 5, No. 2, 2005



magnetization measurements to detect their superconducting
transition temperatures which should be approximately 7 and
6 K for the 2H and 4H phases, respectively. The observed

superconducting transition temperature of 7.2 K indicates

the NbSe phase obtained here is 2H.

The above results show that the formation of NpSe
nanowires and nanoribbons via direct reaction of Nb and Se
powders can take place only in a narrow sintering temper-
ature range of 610C — 700°C. We note that free-flowing
powder products have been reported in the first stage of bulk
NbSe crystal growth where stoichiometric Nb and Se
powder mixtures were sintered to form the precursor mate-
rial.® Nath et al. even obtained grayish powder at a sintering
temperature of 697C from Nb and Se powdefs.It is
conceivable that these products contain Nb&&nowires
such as those described here, though it may also be a mixture
of NbSe and NBbSe phases as well. This slight temperature
inconsistency can be caused by the variations in furnace
temperature between laboratories.

The vapor-liquid—solid (VLS) mechanisi proposed by
Wagner et al. forty years ago for large whisker growth has
been often utilized to grow or to understand the formation
of nanowireg??In-situ TEM imaging did verify this growth
mode witt3 or withoug* exotic catalytic metal nanoparticles,
by observing the liquid droplets on the head of growing
nanowires of G& and GaN* respectively. In the NbSe
Figure 3. SEM images (left) and XRD patterns (right) of the Nb ~ System, Tsuneta et al. also speculated the self-catalytic VLS
and Se mixture after sintering at 600, 610, 630, 750, and°80  growth mechanism for the observed topological microstruc-
for 1 h. Single phase Nbgean be seen after sintering at 630, tures? However, careful SEM and TEM imaging on the tips
mgfo;ggﬂtﬂhaa:;sngfkgbf%g;egfgeodo""’g&iogg dc'éggi’: I;I%Sg of our NbSg nanostructures reveals no sign of any droplets
we found coexistence of NbSe- Nb,Se, + NbSe, typically associated with VLS growth. We speculate that the
nanowire and nanoribbon formation of Nk®dserved here

delineated in the SEM image. The NhSenowires and arises due to its unique chained cryst'al strugture, which
nanoribbons begin to grow when the temperature reacheg?’omotes 1D growth, as demonstrated in the single-crystal
610°C, as can be seen from the SEM image. The XRD at growth where 1D ribbons were always obtairiéd.
610 °C also reveals a small fraction of monoclinic NgSe ~ The observation of Nise + NbSe phases at both ends
phase, as indicated by the arrows, in addition to the majority Of the temperature range where NpS@nostructures are
phases observed in the sample obtained a®60The cross- ~ formed is puzzling. This behavior indicates that the;Bty
section area of the nanostructures increases with increasingt NbSe phases formed at low temperatures during the
sintering temperature and can be seen in the comparison oheating period can be transformed into Np%eh increasing
the SEM image for the 636C and the 610C compound  temperature, while the NBe + NbSe phases formed at
where the latter shows nanowires as small as 20 nm. high temperatures are stable relative to Np&e610~700

The XRD of the 630°C compound shows that the NhSe  °C during cooling. To explore this interesting phenomenon,
and NbSe phases disappear completely and only the NbSe we took NbSe + NbSe powders synthesized at 85C
monoclinic phase exists. The NhSeanostructures are and heated them in fused silica ampules in the same way as
apparently stable up to700 °C. At higher temperatures, the Nb+Se mixture (3°C/min to 650°C; 1 h soak; 2°C/
the nanostructures begin to decompose. As can be seen froninin cool). In this case, we again observed the conversion of
the SEM image for the compound synthesized at 760  Nb:Se + NbSe powders into NbSgnanowires. On the
and 850°C, the wire-like structures have completely dis- Other hand, if the NfSe + NbSe powders are cooled to
appeared. Instead, we observed rod- and plate-like micro-650°C and held there fol h before final cooling, no Nbge
structures with thickness and length-ef zm and~10um, is found. These results lead us to speculate that the NbSe
respectively. XRD analyses indicate that the phases in thenanowires form only during heating and thus depend on the
compound obtained at high temperatures are NbSel Se evaporation for their formation. Additional studies will
Nb,Se. The amount of NbSephase increases with increas- e required to fully understand this phenomenon that is
ing sintering temperature, as can be clearly seen from thedirgctly related to the Nbg@manostructure formation mech-
XRDs for samples obtained at 750 and 880 It is known anism.
that NbSe can crystallize into 2H or in 4H structures, which We turn now to the electronic properties of the synthesized
are hard to distinguish with XRD analyses. We conducted nanostructures. Due to nesting of different parts of the Fermi
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i than caused by impurity or defects. In fact, as determined
A | by TEM, the nanowires and nanoribbons grown with this
a%7r & method are single crystalline with low density of defects, as
L 06 i - usually expected for samples grown via the vapor approach.
— s L i There is a positive magnetoresistance MR below 58 K
[:'/04 | T(K) 4 but no obvious MR at around@; and above. However, we
i : el i et - observe no shift in the position of the maximumTatand
0 50 100 150 200 250 300 no enhancement of the amplitude as reported elsevéhere.
L i ' i i i i An interesting feature of the CDW is its collective transport
(b) mode. When an electric field is applied, CDWs slide along
g0 F d the direction of the applied field, giving rise to a strongly
nonlinear conductivity. Because of the pinning effect, sliding
’E mode conduction can occur only when a well-defined
o 60 i threshold field Er, is reached. For some crystals the onset
z of CDW motion at low temperatures occurs through a sharp,
5 40k il hysteretic switching evert:?° Figure 4b shows the temper-
ature dependence & for the 500 nm sized NbSawvire,
T R T R and the inset shows the applied fiekl dependence of
20 E(V/em) - resistancer for temperatures below,. TheR versusk plot
shows that there is no sign of nonlinear conductivity up to
electric fields of several hundreds of V/cm at temperature
Ol : : : : Al aboveT,. The arrows indicate the onset of depinning at the

10 20 30 40 50 60 70

T(K) threshold fieldEr. The apparent hysteresis in tREE) curves

at low temperatures is reminiscent of the switching behavior
Figure 4. (a) Temperature dependence of the normalized electrical S€en in single-crystal samples. We attribute the increase of
resistivity of a 500 nm wide NbS@anowire in magnetic fields{ the resistance at largeand lowT to a heating effect during
0b=0,2 and 4T. The inset shows the four-probe construction the measurement. We found from Figure 4b that the obtained

of the resistance measurement. Four gold pads (brighter areas) ar% \ hi than th ically ob di tal
separated from each other by 12.5 m gaps (darker areas). The smalf" s are much larger than those typically observed in crystals.

rectangular box shows the enlarged picture of the wire. CDW phase This could imply that our nanowires have a high defect
transitions were identified &, = 142 K andT, = 58 K from the concentration, and therefore higher CDW pinning than

bumps in the resistance versus temperature curve. (b) Temperaturgynical crystals, an observation that is consistent with the

dependence of the CDW depinning threshold figldfor this 500 . . 7
nm NbSeg nanowire. The inset show’ versusk for temperatures low RRRvalue. Alternatively, it has been shotiii’that for

at 60 K and below. The dark arrows indicate the threshold field p'?te'”ke crystalsEr increases as fl/once the sample
Er. The dash-lined arrows indicate increasing and decreasing field thickness becomes smaller than the phase coherence length

directions. of the CDW. In this limitEr is determined by 2D collective

. pinning. For a nanowire samplEy is expected to increase
surface, bulk NbSeshows two CDW transitions alf, = as 14 (whered is the wire diameter), which could account
145 K an<_jT2 = 59 K. .Th|s electronlc; character IS also for the large values observed here. The plotEsfas a
observed in our nanowires and nanoribbons. In F'gure,4a’function of temperature follow&r ~ exp(~T/To ) for T <
we show th? t_e_mperature depend_ence_ of the normallzed40 K, whereTy is a constant. Our fit yield$, = 16 K, which
ﬁﬁcﬁﬁcigﬁglﬁﬁg:‘];gb}?:? dir;OV\(lgsr\;)vng dvi\ggltgroiosb(-)o is very close to the 17 K observed for wires with a thickness
direction)= 0, 2, and 4 T. The applied electric field for the of 300 nm gnd width between 500 nm anguh, % i
resistance measurement 4€0.02 V/cm. Two resistivity In conclusion, we have shown that single crystalline NbSe
bumps aff; = 142 K andT, = 58 K, corresponding to the = nanowires and ngnorlbbons can be synthesized through a one-
two CDW transitions, are clearly seen. The size of the Step direct reaction approach. The growth of NpSano-
resistance anomalies @ and T,, which is significantly structures occurs in a narrow reaction temperature range of
smaller than typically observed on bulk crystals, is consistent 610~700 °C. Four-probe resistivity measurements showed
with findings on lithographically generated NoSeano-  the expected charge-density-wave (CDW) transition$, at
wires for which the charge density wave anomalies were = 142 K andT; = 58 K. The single-step synthesis method
progressively suppressed with decreasing sample crossdescribed here provides a straightforward access to NbSe
section. For zero applied field, the residual resistance ratio, crystalline nanowires and nanoribbons that may be extended
RRR = R(300 K)R(10 K) is ~2, which is 1 order of to other materials in the NbSe system. Our results on
magnitude smaller than that obtained from a high-purity magnetoresistance, residual resistance ratio, and threshold
micrometer-scale Nb$erystall but is comparable with that  field indicate that the quality of our readily synthesized NbSe
of NbSe nanowires obtained with both e-beam lithography nanostructures is comparable to those fabricated through
patterning® and ultrasonic shakiny. That is, the small  e-beam lithography or ultrasonic shaking from bulk single
residual resistance ratio is mainly due to the size effect rathercrystals.
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