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The thermal conductivity (x), specific heat (C,) and the resistivity (p) of a single nickel nanowire have
been measured in the temperature range from 4 to 300 K by means of the “self heating 3@” technique.
Starting with a 100 nm nickel film grown on a Si/Si;N, substrate by thermal evaporation, a suspended ni-
ckel nanowire was then fabricated through e-beam lithography and etching processes. The width and
length of the wire were determined by scanning electron microscope (SEM) as 180 nm and 35 pm re-
spectively. At 300 K the thermal conductivity of nanowire is ~ 20% of the bulk, it diminishes to lower
value as temperature decreases. The consequence is opposite to that of the bulk and might be explained
by the ristriction of mean free paths of electron/phonon—phonon interactions due to the grain boundaries.
An enhancement of specific heat ~250% of the bulk is also observed. In addition, the resistivity of nano-
wire at room temperature is about four times larger than that of the bulk. The small relative resistiv-ity ra-
tio (RRR) confirms the polycrystalline characteristic of the nanowire.
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1 Introduction

Metallic nanowires were studied intensively during recent years due to their great importance in funda-
mental low-dimensional physics as well as in technology [1]. This paper presents the study of electrical
and thermal transport of suspended nickel (Ni) nanowires. Ni is one of the three elementary ferromag-
netic transition metals, and understanding the properties of this pure metal is stimulated by considerable
interest in fabrication of nanoscale magnetic devices. Although there are a number of publications on
electrical resistivity and magnetoresistivity of Ni nanowires in literature [2, 3], the data on heat transport
in this material are suffering from the lack of information.

By now, it is known that nanowires consist of the enhanced numbers of interfaces, which are always
related to random atomic arrangements and superimposed by vacancy like defects. These interfaces have
strong scattering ability to conduction electrons and therefore cause additional resistivity. At this condi-
tion when the grain size of nanowire is comparable to the electron mean free path (MFP), each crystallite
acts like a potential well with interface as a barrier. As a result, the effective number of the conduction
electrons is limited to those which tunnel through all the boundaries along the MFP. In this case the be-
havior of charge current at disordered condition can differ from the behavior of heat current even though
the heat current carriers are the same charged particles. In addition for disordered nanowires when charge
current is strongly restricted the role of phonons in the temperature range 6p/20 < T < 8p would be im-
portant.
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2 Experimetal details

To prepare a single nickel nanowire (Ni-NW), we have developed the lithography process which com-
binded the e-beam lithography, thermal evaporation technology to form a suspended single nanowire.
The single nickel nanowire was fabricated with following process: (1) form wire pattern by e-beam li-
thography technology, (2) deposition with thermal evaporator on Si/Si;N, substrat at RT followed with
solution lift-off process, (3) form the etching-window by e-beam lithography tech., (4) dry-etching (Re-
active-ion etching with gas CF,, high pressure ~ 0.25 mTorr) and (5) anisotropic wet-etching (KOH, 27
w%, 85 °C). Figure 1 shows the suspended single Ni-NW combined with four-probe circuit, the stress
induced by the sagging of wire is taken into account in our measurements.
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Fig. 1 The SEM image of suspended nickel single nanowire with 4-probes measurement circuit. The dimensions of
nanowire are 35 pm x 180 nm x 100 nm.

Usually, the various properties (x(7), o(T), C(T)) are measured by different instruments even using the
different specimen. In the applied 3w-method [4] the three depenencies are measured on the same speci-
men and at the same moment and enviroment. The measurement setup was shown in Fig. 2. A junction-
free design has been made to prevent the measurement error which could be caused by unexpected them-
perature variation of contacts. The current-injection electrodes (contact area) are placed far away from
Ni-NW to minimize the influence of contact heating. The thermal contact of the nanowire at the two ends
to substrate was good enough to satisfy the measurement condition of 3m-method. Note that the heating
power of the suspended Ni-NW is about 1 ppm of nonsuspended one.The whole set of base and speci-
men are placed in a OXFORD He’-refrigerator probe which provides high vacuum and ultra-low tem-
perature down to 0.5 K.
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Fig. 2 The measurement setup.

3 Results and discussion

Figure 3 shows the experimental data of the thermal conductivity « in the temperature region of 15-300
K and the electrical resistivity p in the temperature region of 0.5-300 K for the Ni nanowire. Although,
temperature dependence of the electrical resistivity for nanowire is metallic, it is found that the absolute
magnitude of the electrical resistivity is greatly increased from corresponding bulk one, showing in-
creased residual resistivity. The resistivity ratio of resistivity at room temperature 300 K to that at 4 K
are 2 and 47 for nanowire and bulk sample correspondingly. Since the wire dimensions are much larger
than the mean free path of Ni then this enhancement in resistance value is owing to the effect of grain—
boundary scattering which is appeared to be predominant. It is needed to say that in nanocrystalline ma-
terials the resistivity temperature behavior p(7) is controlled by both phonon scattering, and interfacial
scattering, and interfacial scattering enhances with decreasing temperature [5, 6]. If the interfacial scat-
tering becomes dominant, then the total resistance will possibly increases with decreasing temperature,
showing nonmetallic behavior. In our case, obviously, we have some intermediate situation i.e. the in-
creased but not dominant interfacial scattering and we can claim that the enhanced disorder for the given
nanowire does not affect so crucial the current carrying process in it. The situation is changed drastically
in case of thermal conductivity of the Ni nanowire.

The temperature dependence x(7) of the nanowire completely differs from that of bulk sample. The
x(T) curve shows monotonic decrease of the thermal conductivity with decreasing the temperature in the
whole measured temperature range. The combination of the metallic electrical resistivity and decreasing
thermal conductivity is typical for disordered thin films and concentrated alloys. Such behavior is caused
by increased scattering of heat carrier on defects grain boundaries and surfaces of the sample. Generally,
thermal conductivity x is considered as the sum of two contributions. k=kj + xpy, Where «kz is electronic
thermal conductivity and xpy is the phonon thermal conductivity. Ni is among the metals where the con-
tribution of the phonon thermal conductivity part is enhanced compare to ordinary metals. This mean
that at the condition of enhanced disorder, when electron scattering from grain boundaries and other
lattice defects are strong, the role of phonon thermal conductivity in heat transport may increase. Apply-
ing the WF law we can obtain the electronic thermal conductivity as xx=L,T/p, where p is electrical re-
sistivity and L, is Sommerfeld value of Lorenz number. Subtraction of this part from the total measured
thermal conductivity give the phonon thermal conductivity part which is in our case lower than 10%.
Thus the xpy is not large and hardly affect the behavior of the total thermal conductivity of Ni nanowire
and the main part which governs the thermal conductivity behavior of our nanowire is the electronic
thermal conductivity xz. Now we can say that difference in temperature dependences of the electrical
conductivity and the thermal conductivity of the Ni nanowire predominantly relates to electronic system
of the sample. And enhanced disorder suppressed the thermal conductivity more than electrical conduc-
tivity.

It is necessary to note that the p(7) curve of our Ni nanowire are still good fitted by Bloch-Gruneisen
formula modified by Wilson [7] for transition metals
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using Debye temperature 65, and constant d as the only two adjustable fit parameters. As a result of the
fitting we obtained the smaller value of 8p = 440 K at fixed d than that is in case of the bulk (8,= 557
K). The reduction of the value of Debye temperature is presumably the reflection of softening of vibra-
tion mode of nanowire compare to bulk sample due to enhanced disorder in nanowire. The reduction of
6p and softening of vibration mode have been observed previously for nanowires and disordered systems
[8-10]. In particular, measurements of phonon density of states (DOS) of nanocrystalline Fe [9] and
NizFe [10] by means of inelastic nuclear scattering shows enlargement of low energy part of phonon
DOS curve and smearing of high energy peak. Our obtained trend of Debye temperature and modifica-
tion of the DOS of nanonocristalline materials are indicating that for this material the heat capacity can
be enhanced compare to bulk samples. Figure 4 shows the measured heat capacity for our Ni nanowire.
The heat capacity C, behavior strongly differs from that of the bulk [11]. The temperature dependence of
Cp at T>100 K comes close to the linear and the magnitude at room temperature exceed the bulk value
2.5 times. The additional specific heat may came from the contribution of lattice defects or grain bounda-
ries which modify the phonon density of states as discussed above.

The magnetoresistance behaviour of Ni-NW is shown in Fig. 5, the behavior of magnetoresistance is
likely due to the contributions of many effects which include Lorentz-MR, spin-dependent scattering,
and anisotropic magnetoresistance (AMR). The MR-ratio calculated by formula (R(1T)-R(0))/R(0) is
about 0.002. The smooth resistance decrease for H < H, indicates a magnetization reversal process that
incorporates a multidomain state of the magnetization. The peak value of magnetic field indicates that
the coercive field is about 5000e.
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Fig. 3  The thermal conductivity (solid circles) of Ni-NW. Inset: the electrical resistivity (open circles) of Ni-NW
and fitting curve (solid line).
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Fig. 4 The specific heat of Ni-NW and the bulk.
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Fig. 5 The magnetoresistance of Ni-NW with magnetic field perpendicular to applied current.

4 Conclusion

The thermal conductivity (x), specific heat (Cp) and the resistivity (p) of a single nickel nanowire (with
dimensions of 35 um x 180 nm x 100 nm.) have been measured in the temperature range from 4 to 300 K
by means of the “self heating 30” technique. The temperature behaviour of the thermal conductivity of
the nanowire is opposites to that of the bulk and decrease with temperature in the whole temperature
range. An enhancement of specific heat ~250% of the bulk is also observed, which is presumably caused
by softening of vibration mode of nanocrystalline Ni. In addition, the resistivity of nanowire at room
temperature is about four times larger than that of the bulk. The small relative resistivity ratio (RRR)
confirms the polycrystalline characteristic of the nanowire. The R(H) dependence of the nanowire at 0.5

K indicates on anisotropic magnetoresistance behaviour.
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