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We report measurement of low frequency resistance noise spectroscopy in a single strand of a

nanowire (NW) (diameter � 45 nm) of a complex oxide manganite La0.5Sr0.5MnO3, that showed

ferromagnetic transition (TC� 315 K), an antiferromagnetic transition (TN� 210 K) and a

phase-separated region below TN. We demonstrated that noise spectroscopy in a single NW can

In recent years the physics of magnetism in nanowires

(NWs) has attracted considerable attention.1,2 In NWs of

complex oxides (manganites), which can have competing

co-existing phases arising from phase separation, one would

expect the size reduction to have an effect on the different

phases as well as on the co-existence of the phases. This

would lead to physical properties different from that of the

bulk. The size induced changes in magnetic order in nano-

crystals of manganites for sizes below 50 nm has been estab-

lished by past studies.3,4 Investigation of electronic transport

in a single NW of La0.5Sr0.5MnO3 (LSMO-0.5) showed that

the enhancement of the ferromagnetic (FM) order leads to

lowering of resistivity in NW compared to that of the bulk.5

A very recent paper investigated the phase co-existence by

magnetic measurement in an ensemble of single crystalline

NWs of LSMO-0.5 grown by hydrothermal method.6 The

NWs showed a paramagnetic (PM) to FM transition at TC �
315 K (close to that seen in the bulk) followed by an antifer-

romagnetic (AFM) transition at TN � 210 K. Analysis of the

anisotropy field (HK) measured in NWs shows phase co-

existence of FM and AFM phases below TN and cooling

leads to growth of the FM phase within the AFM phase

which, however, saturates below 100 K. These magnetic

experiments were carried out in an ensemble of NWs with

some degrees of size dispersion. One immediate concern

arises whether the phase coexistence observed in the NWs

arise from size dispersion. In NWs (as well as nanocrystals)

of manganites, TC and TN can be size dependent due to a

number of factors including conventional finite size effect.7

As a result of the size dispersion in an ensemble of NWs one

can have an apparent co-existence of phases which may not

be intrinsic to a single NW. Resolution of this would need

magnetic measurements on a single NW. Due to limits on

sensitivity as well as problems in handling a single NW,

magnetic measurements are difficult on single NW. Thus,

one would like to explore whether electrical transport experi-

ments, including noise experiments, which can be carried out

at a single NW level with good degree of resolution can be

used to explore these issues without the associated problem

of size dispersion. In the present report, we have investigated

the temperature (T) as well as magnetic field dependent low

frequency noise spectroscopy in a single NW of LSMO-0.5

with diameter (d)� 45 nm, with the specific aim of corrobo-

rating the magnetic phase transitions as well as phase

co-existence at a single NW level. Use of magnetic field

allows separation of the noise contributions arising from

magnetic (spin) origin and from other non-magnetic sources

(e.g., structural defects). The expectation is that if the phase

co-existence is of dynamic type with a slow kinetics, it can

be picked up by resistance noise measurements as has been

done in films and bulk samples of a variety of manganites

near metal-insulator transition8,9 or near charge ordering

transition.10

It is noted that investigation of noise spectroscopy on a

single NW of such a complex oxide has not been reported

before. There are reports of noise spectroscopy done on sin-

gle NW of metals and semiconductors;11,12 however, no

experiment on single NW of manganites has been reported

due to the difficulty in obtaining highly crystalline oxide

NWs of sub-100 nm diameter and problems of contact resist-

ance. Our experiment thus opens up a new dimension for

noise measurements in complex oxides. It needs to be

pointed out that though it is more difficult to carry out noise

measurements at a single NW level, it is a viable and plausi-

ble measurement compared to magnetic measurements at a

single NW level.

We synthesized high quality single-crystalline LSMO-

0.5 NWs of average diameter (d) in the range d � 50 nm,

length � 1–10 lm by hydrothermal method.5 The single

crystalline nature of the NW can be seen from the electron

diffraction pattern shown in Fig. 1(a). The single crystalline

nature of the NW shows that the phase separation seen in the
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cleanly detect the magnetic transitions including the phase-coexistence that may not be possible to

do by magnetic measurements. The normalized noise in the single NW is an order less than that

reported in ultralow-noise Si Junction Field Effect Transistor.
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individual NW (to be shown below) is not driven by chemi-

cal inhomogeneities.

The LSMO-0.5 NWs were drop casted on a SiO2/Si sub-

strate. A single NW with d � 45 nm, selected and connected

to Cr/Au contact pads by inter-connections made of Pt de-

posited using e-beam-assisted local deposition in a dual

beam system FEI-HELIOS 600. Fig. 1(b) shows the

Scanning Electron Microscope (SEM) image of a typical

four-terminal sample used for making the noise measure-

ments. The distance (L) between two voltage (V) probes

(indicated by Vþ and V–) is �550 nm. Temperature depend-

ent resistance fluctuations (noise) were measured with a

four-probe phase sensitive ac detection technique13,14 within a

frequency (f) window 0.01 Hz � f � 10 Hz with ac excitation

frequency 233 Hz. Very low biasing current (current density

jac¼ 0.6� 104 A-cm�2) was used to avoid unnecessary heat-

ing and electro-migration stressing of the wire.15 We obtained

the contact resistance RC and the specific contact resistivity

qC¼ACRC, where AC is the active area of contact. Even at

low temperature the measured qC< 20 lX-cm2 indicates

ohmic contacts.

Resistivity (q) vs. T curve (q at 300 K� 10 mX cm) and

the magnetoresistance (MR) data taken in a field of 14 Tesla (T)

are shown in Fig. 2. The conductivity is similar in magnitude

to the Mott minimum conductivity,16 signifying the insulat-

ing behaviors. q vs. T is describable by a Variable Range

Hopping (VRH) model within the temperature region where

it is ferromagnetic.5 VRH type T dependence shows that the

insulating state seen is not due to charge ordering/orbital

(both of which lead to insulating state) but due to electron

localization as found in a disordered insulating system.17

The onset of FM order at TC and the insulating behavior

as well as absence of significant MR indicates that for

T< TC and T>TN, the NW is in a ferromagnetic insulating

state. The FM order, however, is unstable being in half-

doped composition, leading to the AFM order at lower TN,

while the insulating state is maintained. As the transition

occurs as a change in magnetic order in an insulating state,

there is no discernable signature on the temperature depend-

ence of q. Thus, just measurement of q alone does not

resolve the issue of magnetic transitions and resulting co-

existing phases in a single NW. The noise measurements that

have more sensitivity than the resistivity measurements thus

become a necessity.

The wire has very low MR even at 14 T. MR increases

as the temperature is decreased and negative MR reaches a

magnitude of only 10% at 80 K. The absence of significant

MR shows absence of significant charge ordering because if

it exists, it can be destabilized by the magnetic field of 14 T

leading to substantial MR and often onset of metallic

behavior.18

Fig. 3 shows a non-monotonous dependence of normal-

ized variance of resistance fluctuations hDR2i=R2 with T. It

FIG. 1. (a) The selected area diffrac-

tion pattern taken with a transmission

electron microscope on diameter (d)

�45 nm NW of LSMO-0.5 The inset

shows the single NW, (b) SEM image

of the single LSMO-0.5 NW with four

electrical contact pads used for 1/f
noise measurement.

FIG. 2. Temperature dependent resistivity (q) and MR data.

FIG. 3. Normalized variance of resistance fluctuations (hDR2i=R2) as a func-

tion of temperature (T) for field (H)¼ 0 and 0.04 T and the inset shows the

magnetic part of hDR2i=R2 as a function of T.



is highest near TC, it decreases rapidly when cooled and has

a small value till TN. It increases by one order again for

T< TN. The hDR2i=R2 thus identifies clearly the two mag-

netic transitions that were not discernible in resistivity

measurements.

In an insulator sample LSMO-0.5 NW, the resistance

(or conductance) noise can originate from fluctuations in the

carrier density (n) due to charge trapping de-trapping proc-

esses and as well as from fluctuations in mobility (l). The

fluctuation in conductivity (r) thus can be written as

ffiffiffiffiffiffiffiffiffiffiffiffi
hDr2i

r2

r
�

ffiffiffiffiffiffiffiffiffiffiffiffi
hDn2i

n2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
hDl2i

l2

s
;

where the first term is due to number density fluctuation and

the second term arises from fluctuations in mobility l, which

can arise from fluctuations associated with scattering cross-

section. In our sample, the probable reason of the mobility

fluctuations can be inhomogeneous phase separation with

nano-scopic regions of different conductivities. The

observed noise contains contributions from both magnetic

origin and non-magnetic origin like structural defects that

are present in all materials and are regarded as a common

source of the 1/f noise.14,19–22 To separate out these two con-

tributions, we applied a magnetic field larger than anisotropy

field (HK)¼ 0.03 T.6 This suppresses the spin-fluctuations

leading to suppression of the magnetic part of the noise. Use

of magnetic field to separate out the magnetic and non-

magnetic part has been used in manganites and multilayer

magnetic samples (NiFe) before.23,24 The observed noise is

the least at l0 H� 0.04 T. Fig. 3 shows that hDR2i=R2 with

magnetic field is suppressed over the whole temperature

range except for T ! TC. Below 250 K (�0.8 TC), noise is

originating from non-magnetic sources23 (hDR2i=R2
Nonmag)

which is nearly temperature independent. We obtain the

magnetic part of the noise hDR2i=R2
magnetic by subtracting

the non-magnetic part as hDR2i=R2
magnetic ¼ hDR2i=R2

H¼0

�hDR2i=R2
Nonmag. This is shown in the inset of Fig. 3.

hDR2i=R2
magnetic makes a dominant contribution to the total

noise except the region around 250 K in the FM region. As

T! TC from below, the noise rises due to large contribution

due to spin fluctuations. For T� 0.8 TC, the fluctuations in

the FM phase become small because the alignment of spins

in the FM ordered phase. Thus, the noise measurement

clearly identifies the FM transition in the single NW that

is not easily identifiable by conventional resistivity

measurement.

hDR2i=R2
magnetic stays small below 0.8 TC, till T � TN.

However, below TN it rises appreciably and reaches a tem-

perature independent value for T< 150 K. The observed rise

in fluctuation below TN is taken as the signature of phase co-

existence and as has been done in case of manganites films

and single crystals.8,9

In manganites, the FM and AFM interactions are origi-

nating from Double Exchange (DE) and Super Exchange

(SE) interaction, respectively. This makes the region below

TN prone to phase-co-existence. Measurements of transverse

susceptibility and HK done on ensemble of NWs reported the

existence of FM phase within an AFM matrix below TN.6 It

was found that while in the region above TN (FM region), the

NWs have almost constant anisotropy HK, near TN where the

noise shows a low value, HK reaches a low value at onset

AFM transition. However, as the temperature is lowered

below TN, HK increases indicating magnetic phase separation

with an increase in the FM volume fraction. This growth sta-

bilizes for T< 100 K when HK reaches a T independent

value. The enhancement of hDR2i=R2
magnetic below TN and its

eventual saturation at lower temperature closely follow the

magnetic data.

A theoretical model was used25 to calculate noise spec-

trum in non-metallic phase separated manganites containing

small metallic droplets. The noise arises due to electron

transfer between FM droplet and the insulating matrix thus

changing their relative occupations. In LSMO-0.5 NW, the

insulating matrix is the majority AFM phase and as the pre-

vious magnetic experiment suggests there is a co-existing

FM phase. The concentration of FM droplets, however, is

less than the percolation threshold so that the insulating

behavior does not change. While in a general way such a

model can be applicable here also, the details of transport in

the two co-existing phases in our case may have differences

from that given in Ref. 25.

In Fig. 4, we show the recorded time series of resistance

fluctuations (DR/R) at some representative temperatures

close to TC, TN and for T � TN. The fluctuation DR/R is

small and development of discrete jumps in R with increase

of temperature as TC is approached as shown in the enlarged

portion of “**” time range at 300 K in Fig. 4. However, the

resistance jumps are often superimposed with each other and

they are distinct from resistance jumps expected for Random

Telegraphic Noise (RTN).

We measured the power spectral density (PSD) SV
13 and

the background noise (Sbg) independently. Sbg is distinct

from the flicker noise arising from the sample containing the

information about the materials only.14,20 Sbg contains ther-

mal noise (Nyquist Noise¼ 4kBTR, where kB is Boltzmann

constant) as well as extraneous contact noise arising from

contact resistivity (qC). As qC is low, Sbg is very close to

Nyquist noise¼ 10�14 V2/Hz at 80 K indicating significant

absence of contact noise contribution. In Fig. 5, we have

plotted the PSD (SV(f)/V2) at few representative tempera-

tures. For the complete frequency range measured SV(f)/V2

is proportional to 1/f. We analyzed the PSD with two compo-

nents: SV(f)/V2¼A/fa þ B/fb, where the first term is the

conventional 1/f contribution19 with a � 1 and the other term

FIG. 4. Recorded time-series of the fluctuation in resistance (R) at different

temperatures. The discrete jump in resistance at 300 K in the “**” time

range enlarged in the right side figure.



(1/fb) with b 6¼ 1 measures the deviation (if any) from 1/f
behavior. For the fit we used b¼ 1.5 which generally arises

from defect diffusion including oxygen diffusion.26 The fit to

the PSD data with equation above is shown as straight lines.

When the carrier concentration is not known, the follow-

ing parameter KNW ¼ C1=f Vvol

q
28,30 can be defined to compare

noise in varying systems, where C1=f¼ fSV(f)/V2, q is the re-

sistivity and Vvol is the sample volume between the voltage

contacts (10�15 cm3). Evaluating C1=f at f¼ 1 Hz, the esti-

mated values of KNW is around 4� 10�22 cm2/X and

6.6� 10�24 cm2/X at 300 K and 107 K, respectively. KNW at

300 K in our sample is comparable with the KNW values

reported earlier for Si, poly SiGe, single Si NW (2� 10�21

cm2/X)12 and GaN single crystal semiconductors, NbN

layers on sapphire substrates28,29 and ten times less noisy

than ultra-low noisy Si Junction Field Effect Transistor

(JFETs)27,28 without implantation technology.30 The possible

reasons of such low K value are related to good crystalline

nature of the wire. The variation of coefficients A, B as a

function of T in zero field and in an applied field are shown

in inset of Fig. 5. The coefficient A is much larger than B

showing the predominant 1/f nature of SV(f). The application

of the field does not change the nature of the spectral de-

pendence; however, the variation of A reflects the behavior

seen in the relative variance (see Fig. 3).

In conclusion, we report measurements of flicker noise

(1/f noise) in a single stand of a NW (d � 45 nm) of a com-

plex oxide like LSMO-0.5 in zero field and for l0 H � 0.04

T<HK. The comparison of the data in zero field and in an

applied field allow separation of the magnetic noise and

those arising from other sources like structural sources. The

noise spectroscopy detected TC and TN as well as the phase

co-existence of FM and AFM states in a single NW and cor-

roborated the results observed in an ensemble based mag-

netic measurement on LSMO-0.5 sample.6 It established that

the noise spectroscopy can be a viable tool to detect mag-

netic transitions at the level of single NW. This overcomes

the difficulty in doing magnetic measurements on single NW

and suggests an alternate route to identify magnetic transi-

tions. KNW obtained in the 45 nm diameter single NW was

found to be lower than that seen in low-noise Si-JFET’s. The

low value of the noise could arise from single crystalline na-

ture of the NW used in the work.
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