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The lattice parameter of bismuth nanowires has been measured using the in situ high-temperature
x-ray diffraction method. Single-crystalline Bi nanowire arrays with the diameters from
10 nm to 250 nm have been fabricated within the porous anodic alumina membranes by a pulsed
electrodeposition technique. Different temperature dependencies of lattice parameter and thermal
expansion coefficient were found for Bi nanowires with different diameters, and there is a transition
from positive thermal expansion coefficient at low temperature to negative one at high temperature,
and the transition temperature shifts to high temperature with the increase in the diameter of Bi
nanowires. © 2005 American Institute of Physics. �DOI: 10.1063/1.2000327�

One-dimensional �1D� nanostructures, such as nanowires
and nanotubes, represent the smallest dimension for efficient
transport of electrons and phonons and thus are ideal build-
ing blocks for hierarchical assembly of functional nanoscale
electronic and photonic structures.1,2 With the development
of nanodevices, the study of thermal expansion properties of
1D nanomaterials have become the focus of intensive re-
search. The thermal expansion properties of thin films and
nanoparticles, such as Nb thin film,3 Se nanoparticle,4 Au
nanoparticle,5 and CdSe nanoparticle,6 have been extensively
studied, but little attention has been paid to 1D
nanomaterials,7,8 which may be due to the difficulty in syn-
thesizing dimension- and morphology-controlled 1D nano-
materials. Recently many attempts have been made to fabri-
cate 1D nanomaterials, among those the porous anodic
alumina membrane �AAM�-based synthesis in conjunction
with electrodeposition is a relatively simple and effective
route to synthesize uniformly sized nanowires,9,10 because
the AAM has nanometer-sized channels ��20–250 nm in
diameter� with high pore density �up to 1010 cm−2� and con-
trollable channel lengths.

Bismuth �Bi� is a semimetal with unique thermoelectric
properties that result from its highly anisotropic Fermi sur-
face, small effective electron mass, and long carrier mean-
free path.11,12 The physical properties of Bi nanowires
strongly depend on the diameters and orientations of nano-
wires, for example, the semimetal-semiconductor transition
will happen when the diameters decrease to a certain
value.13,14 Compared with the bulk, 1D Bi and Bi-based al-
loys nanowires could have a larger thermoelectric efficien-
cies, especially when the wire diameter is down to about
10 nm.15,16 Thus the study of Bi nanowires with different
diameters and orientations is very important. The Bi nano-
wires have been prepared by different methods, such as,
vacuum melting and pressure injection process,17 vapor-
phase deposition technique,18 direct current and alternating
current electrodeposition19,20 within AAM. However, the
controllable fabrication of Bi nanowires with diameter down
to 10 nm is still a challenge because of the decreasing filling
efficiency of materials in a small pore size channel of AAM.
In our previous study single-crystalline Bi nanowire arrays

with different diameters have been fabricated by the pulsed
electrodeposition using a single pore size AAM, and the di-
ameters were controlled simply by changing the pulsed
deposition time.21

In this letter, in situ high-temperature x-ray diffraction is
employed to study the thermal expansion behavior of Bi
nanowires with different diameters within AAM.

The AAM with the ordered channel arrays was prepared
from high-purity �99.999%� aluminum foil in 0.3 M oxalic
acid by a two-step anodization process.19 The AAMs with
the pore size of 80 nm were used to fabricate Bi nanowires
with the diameters from 10 to 80, while that with pore size of
250 nm was used to fabricate 250 nm Bi nanowires. The
detailed electrodeposition process can be found in our previ-
ous study.21

Figures 1�a� and 1�b� show two typical field emission
scanning electron microscopy �FEM� �JEOL JSM-6700F�
images of Bi nanowire array with the diameter of 40 nm and
60 nm. It can be seen that high filling, ordered and uniform
Bi nanowire arrays were obtained. All the nanowires have
the same height, implying that all the Bi ions were simulta-
neously deposited into the AAM in a large area. The trans-
mission electron microscopy �TEM� �JEOL JEM-200CX�
images of individual Bi nanowires with the diameters of
10 nm and 20 nm are shown in Figs. 1�c� and 1�d�. One can
see that the diameters of Bi nanowires are much smaller than
the pore size of AAM, and the nanowires are freestanding
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FIG. 1. FEM images of Bi nanowire array: �a� 40 nm and �b� 60 nm; TEM
images of a single Bi nanowire within AAM: �c� 10 nm and �d� 20 nm.
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inside the pore of the AAM. In fact, changing the pulsed
deposition time can modulate the diameters of Bi nanowires.
In this paper when the pulsed deposition time changes from
10 ms to 25, 30, 35, and 50 ms, keeping the delayed time at
60 ms, the diameter of Bi nanowires increases from 10 nm to
20, 40, 60, and 80 nm.

To investigate thermal expansion behavior of the Bi
nanowire arrays with different diameters, in situ high-
temperature x-ray diffraction �XRD� �Philips PW 1700��
was performed in the temperature range from 300 to 500 K
under high vacuum atmosphere. Temperatures were kept
constant at each point for 20 min before measurement, and
scans were carried out for 20° �2��80°. Figure 2 shows
XRD patterns of the Bi nanowire array with the diameter of
10 nm at different temperatures together with the standard
powder diffraction pattern of bismuth �JCPDS No. 85-1331�,
which shows that the Bi nanowires preserve a rhombohedral
lattice structure as comparing with the standard diffraction of
bulk bismuth, and no structure change has happened in the
entire measuring temperature range. The Bi �110� peak is the
dominant peak, and its intensity is much higher than all other
peaks, revealing high �110� growth orientation of the Bi
nanowires. Bi nanowires with �110� and other growth orien-
tations have also been fabricated in the previous
reports.13,19,22

From the x-ray diffraction pattern and Bragg equation,
2d sin �=� �d, �, and � are the interplanar spacing, diffrac-
tion angle, and x-ray incidence wavelength, respectively�,
the lattice parameter d can be calculated. The lattice param-
eters of �110� plane of Bi nanowires with different diameters
�10, 20, 40, 60, 80, and 250 nm� were studied, and the results
are shown in Fig. 3. One can see that the lattice parameter
firstly increases with increasing temperature and then de-
creases at certain temperature for Bi nanowires with the di-
ameter in the range 20–60 nm, and there is a critical transi-
tion temperature, Tc, at which the temperature coefficient of
lattice parameter changes from positive to negative �see Figs.
3�a�–3�c��. The Tc shifts to high temperature with the in-
crease of the diameter from 20 nm to 60 nm. The lattice pa-
rameter of Bi nanowires with a diameter of 10 nm always
decreases with increasing temperature and there is not a tran-
sition temperature, while that with a diameter of 80 and
250 nm always increases. These results indicate that Bi
nanowires with a very small diameter might possess a nega-
tive thermal expansion behavior even at room temperature
region. It is also worthy to note that: �1� the lattice parameter

of the �110� plane of the Bi nanowire is larger than that of Bi
bulk material �2.2730 Å�. Compared with the bulk, the de-
creased or increased lattice constants were observed in dif-
ferent nanomaterials. The intrinsic reasons are different de-
pending on the processing histories and surface structure of
the nanomaterials.5,23 �2� The lattice parameters of the Bi
nanowires with a very large diameter �for 250 nm, the lattice
parameter is 2.281 Å� have a tendency to be close to that of
the bulk, because large nanowires should have a similar be-
havior to that of the bulk.

FIG. 2. XRD patterns of Bi nanowire arrays with the diameter of 10 nm at
different temperatures.

FIG. 3. �Color online� Temperature dependences of lattice parameter, d
�open symbols�, and thermal expansion coefficient, � �close symbols�, of Bi
nanowires with different diameters �the dashed line is the fourth-order poly-
nomial fitting�. �a� 20 nm, �b� 40 nm, �c� and �d� 10–250 nm.
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After fitting the experimental data with the fourth-order
polynomial, a=�n=0

4 anTn, as shown in Fig. 3�c� �dashed
lines�, the obtained coefficients an can be used to calculate
the thermal expansion coefficient. The thermal expansion co-
efficient is defined by24

� =
1

a0

�a

�T
=

1

a0
�a1 + 2a2T + 3a3T2 + 4a4T3� . �1�

The ��T� curves of the Bi nanowires with different diameters
are also plotted in Fig. 3�d�. It can be clearly seen that the Bi
nanowires have either positive or negative thermal expansion
coefficient depending on the temperatures and the diameters
of Bi nanowires, and the transition temperature of the ther-
mal expansion coefficient from positive to negative is con-
sistent with that obtained from the lattice parameter. It is
noteworthy that the thermal expansion coefficient of Bi
nanowires with a diameter of 10 nm is always negative, that
with a diameter of 20 nm always decreases, that with a di-
ameter of 40 nm and 60 nm first increases and then de-
creases, and that with a diameter of 80 and 250 nm is always
positive.

The positive thermal expansion is commonly observed
in most bulk material, which can be understood by account-
ing for the effects of the anharmonic lattice potential on the
equilibrium lattice separations and characterized by the
Gruneisen parameter.25 In most cases, negative thermal ex-
pansion, mainly originating from a structural related phase
transition, have been observed among anisotropic systems in
only a narrow temperature range. A negative thermal expan-
sion coefficient has been observed in AgI nanowires, when
the structure changes from hexagonal close packed to body
centered cubic due to the restriction of the AAM wall to the
nanowires claimed by the authors.8 Theoretical calculation
based on Gruneisen’s Law with certain simple assumptions
indicated that highly anisotropic bulk material Bi has either
positive or negative thermal expansion behavior depending
on crystallographic directions.26 In the present study a tran-
sition of the thermal expansion coefficient from positive at
low temperatures to negative at high temperatures has been
observed in free-standing rhombohedral �110� Bi nanowires
�20–60 nm� within AAM and without structural change over
the whole temperature range studied. It is noticed that Bi
nanowires with different orientations might have different
behaviors, and further work concerning the behavior of Bi
nanowires with orientations other than �110� will be essen-
tial. Our results proved, for the first time from experiment,
that the lattice thermal contraction is an intrinsic property of
Bi nanowires. The similar phenomenon was also observed in
nanoparticles, in which the effect of the valence electron
energy on the equilibrium lattice positions was introduced. In
terms of the minimum energy principle, a transition of ther-
mal expansion coefficient from positive to negative was an-
ticipated at certain temperature Tc, which varied with the
diameters of nanoparticles.5 As to nanowires, where discrete
levels are separated by only a few meV, the electronic effects
become significant even at ordinary temperatures, and the
influence of the valence electron potential on the equilibrium
lattice separation in nanowires thus should be taken into con-
sideration. Lattice shrinking results in an increase in the level
separation at elevated temperature, which, on the one hand,
reduces the number of electrons occupying the excited states
as dictated by the Fermi-Dirac factor and, on the other hand,

raises the thermal energy of individual electrons in the ex-
cited states. These two factors compete delicately to achieve
a lower electronic potential energy that results in the transi-
tion from thermal expansion to thermal contraction. Other
factors, such as defects, surface stress, and finite-size modi-
fied lattice potential, might be significant in determining the
thermal behaviors of nanowires.

In conclusion, single-crystalline Bi nanowire arrays with
diameter ranging from 10 nm to 250 nm oriented along the
�110� direction have been fabricated by pulsed electrodepo-
sition. It was found that there is a transition of the thermal
expansion coefficient from positive to negative at a critical
temperature Tc, and the Tc shifts to high temperature with
increasing diameter, which might be attributed to the effect
of the valence electron potential on the equilibrium lattice
separation in the low-dimensional system having discrete
electronic energy levels. Our results show a promise in
studying the nature of the thermal expansion properties of
nanowires.
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