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Abstract: We present an optical investigation on Lag 33Prg34Cag33MnO; (LPCMO) nanowires
by using standard near-infrared (NIR) reflection experiments. It is found that the samples can
respond strongly to the NIR radiation so that the temperature dependence of the reflectivity
can be measured accordingly. Interestingly, the temperature induced phase separation and
nano-droplet states in the nanowire samples with different diameters can be identified and
observed optically without making ohmic contact electrodes on the samples. The onset
temperature of the nano-droplet state measured optically is in line with that obtained from
previous transport measurements. Importantly, via examining the dependence of the NIR
reflectivity upon radiation wavelength, we find that the electronic localization effect exists in
the LPCMO nanowires in both electronic states. Such information cannot be directly obtained
from electric transport and magneto-transport experiments. The interesting and important
experimental findings from this study demonstrate that the simple and contactless NIR
reflection measurements can be employed to conveniently study and characterize the basic
physical properties of perovskite manganites based nanostructure systems.
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1. Introduction

With the development of nanoscience and nanotechnology, nowadays it has become possible
to realize different nanowire (NW) and NW array systems on the basis of electronic materials
such as metals, semiconductors, oxides, etc [1]. These NW systems possess many unique and
interesting physical properties in contrast to the bulk and thin film samples [2] and can be
applied for advanced electronic, optic, and optoelectronic devices [3]. At present, the
investigation and characterization of different NW structures have become an important and
fast-growing field of research in condensed matter physics, electronics and material science.
In particular, the perovskite manganites based NW systems, such as La;,Ca,MnO; NWs,
have received a great attention due to their potential applications in electronic and magneto-
electronic devices [4-6]. Since the physical properties of the perovskite manganite systems
are governed by complex interactions between charge, lattice, orbital, and spin degrees of
freedom, a variety of unusual effects, such as colossal magneto-resistance, temperature
induced metal-insulator transition, and electronic phase separation have been observed and
investigated [7-10].

Recently, high quality and edge-free Lag3;3Prg34Cag33:MnO3/MgO core-shell NWs were
fabricated and the corresponding electronic transport and magneto-transport measurements
were performed to study the properties of temperature and magnetic field induced phase
separation in such NW systems [11]. It has been found that: i) at relatively low temperatures,
the LPCMO NW is in a quantum percolation state (QPS) which is dominated by the
ferromagnetic metallic (FMM) phase; ii) at intermediate temperatures, the NW is in a phase
separation state (PSS) in which the FMM phase and insulating phases coexist. The critical
temperature between the QPS and PSS is about 65 K at B = 0; and iii) at relatively high
temperatures, the LPCMO NW is dominated by the insulating phases, but with magnetic
nano-droplet state (NDS) emerging at about 200 K [11].

It should be noticed that due to technical difficulties, it is usually very hard to make ohmic
contact electrodes on a single NW [11]. As a contactless measurement technique, the optical
experiments can be conveniently employed to measure the physical properties of the
perovskite manganite NWs. Very recently, we have studied the optical conductivity of
LPCMO thin films using terahertz (THz) time-domain spectroscopy (TDS) [12]. By fitting
the real and imaginary parts of the optical conductivity obtained experimentally with
theoretical formula, the important sample and material parameters such as the electronic
relaxation time and carrier density can be determined optically [13,14]. It is found that
different electronic states usually correspond to different values of the optical conductivity
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[5,15], and the competitions between them can strongly affect the overall optical properties of
these materials [12]. However, the THz-TDS technique requires expensive facilities such as
femtosecond laser sources and is mainly based on optical transmission measurement. In this
study, we examine the optical properties of Lag 33Prg3,Cag33:Mn0O; core-shell NW systems via
measuring the dependence of the NIR reflection spectra upon temperature and radiation
wavelength for samples with different wire diameters. The prime motivation of this study is

to apply the simple and standard optical experiment for the characterization and investigation
of LPCMO NWs.

2. Results and discussion

The LPCMO/MgO core-shell NWs samples are grown via a two-step approach reported in
previous study [11,16] including: i) the vapor-liquid-solid growth of the core MgO NWs on
MgO substrate using chemical vapor deposition and ii) the growth of the LPCMO shell layers
through pulse laser deposition. The diameter of the as-grown MgO cores is about 20 nm and
the thickness of the LPCMO shells can be easily controlled via varying the depositing time.
Figure 1(b) shows the SEM image of the LPCMO NW sample and Fig. 1(c) shows the
statistical distribution of the diameters of the nanowires. The mean diameter of these
nanowires is evaluated to be 22.7 nm with a standard deviation of 4.3 nm. In the present
study, the mean diameters of the corresponding LPCMO NW samples are 22.7 nm and 44.3
nm (standard deviation is 10.8 nm) respectively, while the length of the NWs is about 1-10
pm. It should be noted that the LPCMO NWs are randomly distributed on the substrate
without specific spatial orientation. Therefore, the results obtained from optical measurement
are statistical since the focused spot of the NIR light beam is much larger than the diameter of
the NWs.
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Fig. 1. (a) Schematic diagram of the near-infrared optical reflection measurement for LPCMO
NW samples. Here, the incident and emergent light beams are setting at 45° angle to the
sample surface. (b) SEM image of LPCMO NW sample with a mean diameter of 22.7 nm. (c)
Statistical distribution of LPCMO NW diameters.

The optical reflection (OR) measurements are carried out in the NIR bandwidth (1.4-1.8
um in wavelength). The standard deuterium lamp is employed as broadband incident NIR
light source. In the experiments, the incident and emergent light beams are setting at 45°
angle to the sample surface as shown in Fig. 1(a). In this configuration, the incident light field
can couple with the electrons in the LPCMO NWs and the OR spectrum can carry the
information about how electrons in the sample respond to the applied radiation field. The OR
spectrum is recorded using an imaging spectrometer (iHR320 HORIBA Jobin Yvon Inc.,
Edison, NJ, USA), where the InGaAs photodetector is used for the detection of the NIR light
beams in 1.4-1.8 pum wavelength regime. In the experiments, NIR reflection from gold mirror
is applied as reference. We measure the reflection spectra for the LPCMO NWs and the
reference gold mirror from 10 K to 280 K, where the variation of temperature is achieved in a
liquid-helium cooling system (Oxford, UK). The NIR reflection spectra for MgO substrate
were measured at corresponding temperatures. We find that the NIR reflectivity of the MgO
substrate is little (< 1%) from 10 K to 120 K and is rather weak from 120 K to 280 K (< 5%).
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These values are much smaller than those obtained for the whole sample (i.e., NW layer plus
substrate). Together the fact that the incident NIR light beams first irradiate on the NW layer
then transmit on the substrate after reflection and absorption from the NW layer, the
reflection of the light beams from the MgO layer affects very weakly on the reflection spectra
of the whole sample. As a result, the reflection signals of the samples, shown in Fig. 3(a) and
Fig. 3(b), come mainly from the LPCMO shell layers.

When an optoelectronic system is subjected to a radiation field, the optical absorption,
reflection, and transmission occur simultaneously. The optical absorptance 4, the reflectivity
R, and the light transmittance 7 should satisfy: 4 + R + T = 1, required by the energy
conservation law. In principle, the optical absorptance is proportional to the optical
conductivity o(w) = o(®) + io)(w) and the optical transmittance is inversely proportional to
the optical conductivity o(w). Here w is the radiation frequency. Furthermore, o(w) is
proportional to 1/p with p being the DC resistivity of a sample. As a result, the NIR
reflectivity measured here can reflect the features of DC conductivity or resistivity for a
LPCMO NW sample in different electronic states.
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Fig. 2. The spectra of optical reflectivity for LPCMO NW samples with 22.7 nm in (a) and
44.3 nm in (b) wire diameters at different temperatures. The small peak at about 1566 nm is
one of the characteristic lines of the deuterium lamp.

The NIR reflection spectra for LPCMO NW samples with the diameter of 22.7 nm and
44.3 nm measured at different temperatures are shown respectively in Fig. 2 (a) and 2(b). As
we can see, in 1.4-1.8 um wavelength regime the intensity of NIR reflection for both samples
depends strongly on the temperature over 10 K to 280 K. We note that in Fig. 2 the small
peak at about 1566 nm is one of the characteristic lines of the deuterium lamp. To give a
clearer view, the optical reflectivity as a function of temperature at different radiation
wavelength is shown in Fig. 3. We find that: i) the NIR reflectivity first increases then
decreases with increasing temperature for both samples. The peak temperature shifts slightly
with varying the radiation wavelength; ii) for the sample with a NW diameter of 44.3 nm, the
reflectivity increases monotonously with decreasing radiation wavelength over 10 K to 280 K
temperature regime, whereas for the sample with a NW diameter of 22.7 nm the effect of the
radiation wavelength at a given temperature is relatively weak; iii) the sample with a NW
diameter of 44.3 nm reflects the NIR radiation more strongly than that with a diameter of 22.7
nm (see insert in Fig. 3(a)); and iv) a notable drop of the reflectivity can be observed around
200 K over radiation wavelength from 1.4 pm to 1.8 um.

In LPCMO NW systems, the metallic and insulating phases coexist and their ratio varies
markedly with varying temperature. For LPCMO NWs, the observed resistance kink at 7*
(~200 K) is mainly attributed to the onset of the magnetic NDS [11]. The nanoscale droplet
with short-range ferromagnetic interaction emerges at about 200 K and it is the precursor of
the FMM phase. With decreasing temperature, the magnetic NDS grows in size and
eventually stabilizes the FMM phase with long-range order. When temperature is below 7%,
the DC resistance of the sample increases with decreasing temperature so that the NIR
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reflectivity decreases with decreasing temperature as shown in Fig. 3. A notable variation of
the NIR reflectivity at about 200 K should correspond to the critical temperature between PSS
and NDS. Figure 3(c) shows the derivative of the temperature dependence of the reflectivity
at 1.6 um for samples with different NW diameters. The onset temperature of the nano-
droplet state can be extracted from the Gaussian fitting, which is evaluated to be 179.6 K
(195.7 K) with a standard deviation of 2.0 K (2.6 K) for 22.7 nm (44.3 nm) wire diameter
sample. At relatively low-temperatures LPCMO NWs are in the QPS and PSS which have

relatively large DC resistance [11]. As a result, the NIR reflectivity is relatively weak at low-
temperatures.
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Fig. 3. The reflectivity for LPCMO NWs as a function of temperature for different radiation
wavelengths as indicated. The results are shown for wire diameters being 44.3 nm in (a) and
22.7 nm in (b). The insert in (a) shows the results of the reflectivity at 1.6 um for different wire

diameters for comparison. (¢) The derivative of the reflectivity at 1.6 um for different wire
diameters.

As we can see from Fig. 3, the NIR reflectivity for LPCMO NW samples increases rather
slowly within the temperature range from 10 K to about 100 K, especially for the sample with
22.7 nm wire diameter. This is because the LPCMO NWs are mainly in the stability FMM
phase at low temperatures [11]. In the temperature regime from ~100 K to ~240 K for 22.7
nm wire diameter sample and to ~260 K for 44.3 nm wire diameter sample, the magnetic
nano-droplets grow in size when temperature decreases. Consequently, the NIR reflectivity
increases rapidly with increasing temperature. When temperature is above ~240 K for 22.7
nm wire diameter sample and is above ~260 K for 44.3 nm wire diameter sample, the NIR
reflectivity decreases slightly with increasing temperature for LPCMO NW samples. This is
induced by the magnetic NDS. We note that by applying the NIR reflection experiment, we
cannot observe the critical temperature (~65 K) between the QPS and PSS which is measured
by electronic transport experiment [11]. The main reason behind this is that the fraction of the
insulating phases change a little at about 65 K and it cannot be obviously seen by the NIR
reflection experiments. At about 65 K, there is a very small fraction of the insulating domains
which act as the tunneling barriers. As indicated in Ref [11], such remnant insulating domains
are quite robust, and cannot convert to metallic domains even under low temperature and high
magnetic field up to 14 T.

It can be seen from Fig. 3 that the NIR reflectivity of the LPCMO NWs decreases with
increasing radiation wavelength, especially for the sample with 44.3 nm wire diameter. This
effect can be more clearly observed at relative high temperatures. As we know, the optical
conductivity for free electrons in metallic states can be described by the Drude formula which
suggests that the real part of the optical conductivity should decrease monotonically with
increasing radiation frequency w, namely the standard Drude formula can result in an effect
that the optical reflectivity increases with increasing radiation wavelength, which is
contradictory to our experimental findings. In 2001, Smith developed a modified Drude
formula in which the light field induced backscattering or electronic localization effect has
been taken into consideration. In such a case, the complex optical conductivity in an
electronic system can be described as [17]
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Here the DC conductivity gy is given by N.e’t/m* with the carrier density N., the momentum
relaxation time 7, and the electron effective mass m*. Moreover, the coefficient ¢, is a
parameter describing the fraction of original velocity for an electron after n™ scattering
events. For ¢, = 0, Eq. (1) becomes the standard Drude formula. For a nonzero ¢, or in the
presence of electronic localization effect, the optical conductivity can increase with w [17].
The experimental results shown in Fig. 3 suggest that the electronic localization effect is
present in LPCMO NWs. The increase in the reflectivity with NIR wavelength can be more
markedly observed at relatively higher temperatures when the localization effect is stronger in
LPCMO NWs. Thus, we are able to understand the dependence of NIR reflectivity on
radiation wavelength and temperature for LPCMO NWs with the help of DC resistivity
obtained experimentally and the Drude-Smith formula developed theoretically. We notice that
the NIR reflectivity for a sample with 22.7 nm NW diameter has relatively weak dependence
on radiation wavelength. In LPCMO NW samples, the magnetic nano-droplet phase and the
ferromagnetic metallic phase serve as the metallic (or conducting) domain in neighboring
insulate phases, and the size of the metallic domain is comparable to the lateral size [11]. The
LPCMO NW sample with a larger diameter has a higher electric conductivity, which is
attributed to the increase in metallic domain-to-domain contact junctions and to the long
diffusion length of the carriers through the metallic domain network. As a result, the sample
with 22.7 nm wire diameter has relatively larger resistivity (i.e., with a smaller electronic
relaxation time 7 and a smaller value of wr) so that the optical effect is relatively weak for this
sample in the NIR bandwidth.

3. Conclusion

In summary, by employing the standard NIR reflection experiments, we are able to
conveniently study and characterize the NIR optical properties of LPCMO NW systems
without making ohmic contact electrodes achieved by using sophisticated nanofabrication
techniques. Through examining the temperature dependence of the optical reflectivity, we can
detect optically the temperature dependence of phase transition in these samples. The results
obtained from this study have shown that the temperature induced phase transition in LPCMO
NW systems can be detected optically via NIR reflection experiments. Through examining
the dependence of the optical reflectivity on radiation wavelength, we are able to detect the
effect of electronic localization in these sample systems. Such information cannot be obtained
directly from conventional electric transport measurements. We hope the results obtained
from this work and discussed here can help us to gain an in-depth understanding of the
physical properties of the newly developed perovskite manganite based nanostructure systems
and to provide a simple experimental technique for the investigation and characterization of
these nanostructure systems.
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