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Abstract

We present current-voltage (I-V) characteristicaofindividual carbon nanotube (CNT)
filled with Cr,O3, a multi-functional magnetic oxide relevant torgépanics. We demonstrate
that a filled CNT during a two probe I-V scan in pesded geometry, can be used like a
nano-furnace for controlled restructuring of thedexencapsulat&Vith proper utilization of
Joule heating during I-V scans, the encapsulaigallg in the form of a polycrystalline
nano-wire, converts to beads, nano-crystals anetshéthin the CNT. These morphological
phases are formed and preserved by controllingathglitude, rate and holding time of the
bias voltage. The sequential restructuring, obskiwereal time by Transmission Electron
Microscopy (TEM), is also accompanied by a subghehhancement in the current flowing
through the CNT. We further demonstrate that acdgedusly tailoring the morphology of
the encapsulate is linked to this current enhanoéared can be a route for heat dissipation in

nano devices. Magnetization measurements reveat ®@0O3;, a well known



antiferromagnetic and magnetoelectric, when codfiwghin CNT, exhibits logarithmic time
dependence. This slow magnetization dynamics isceged to a pinning mechanism that
points towards the possibility of stress inducedmants in this system. These measurements

elucidate novel magnetic properties of the encapsul
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Microscopy (TEM), is also accompanied by a subghehhancement in the current flowing
through the CNT. We further demonstrate that acdgedusly tailoring the morphology of
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1. Introduction

Probing the |-V characteristics of individual canbnanotub€s™has been a subject
of intense investigations since it is crucial foeit integration into miniaturized devices.
Such 1-V measuremerit3are central to the utility of the CNT, either apetior metallic
interconnects vis a vis Au or Pt nano wires, as a replacement for semiconductor based
transistor elements in nano electrofii¢s Key factors that influence the current carrying
capacity of the CNT as an interconnect are lwittnsic andgeometryrelated. Thentrinsic
factors include the diameter (D) and length (L)tled CNT and the quality of its graphitic
shells, degree of crystillanity and presence ofecksf etc. Thegeometryrelated factors
include the design or thly-out of the nano circuit and contact resistance/areanglur

electrical transport measurements.

[-V data on an individual CNT with simultaneous MIEmaging brings out the
correlation of bothntrinsic andgeometryrelated factors with the current carrying capaoity
the CNT>. For instance, it is observed that current riséh increasing voltage upto a
critical value for a CNT during |-V scans in suspeddjeometry. One of the contributions in
the non-linear rise in ‘I’ with increasing ‘V’ upta critical value is associated with annealing
of the random defects present in the graphiticlsloélthe CNT. This defect annealing arises
from Joule heating driven temperature rise, leadingelf heating of a CNT under btas
This self heating improves the quality of thepinigic shells of CNT, resulting in reduced
carrier scattering and consequently larger curr@&gyond the critical voltage (at which the
current reaches its peak), a drop in current isemesl, which is accompanied by a
progressive deformation and burning of the graplsitiells of the CNT. In this voltage range,
Joule heating is detrimental, leading to the evdnbwaakage of CNT at another critical
voltagé™. These critical parameters during a typical I-\\arson an individual CNT vary

with the length, diameter as well as random defpigsent in its graphitic shells. The current



carrying capacity of a CNT not only relates to thie¢rinsic factorsbut also to thgeometry
related factors'™® For instance, |-V characteristics on an individGAIT have been studied
earlier in a suspended geometry or when it lies avubstrate both of which argeometry
related factors. These factors crucially influetioe heat dissipation paths during I-V scans

and consequently influence the current carrying acap ™°

Thus heat dissipation
mechanism or thermal heat management are impagsués in nano electronics based on

CNT or otherwis&™®

In this work we explore electron transport on indual multiwall CNT filled with
Cr,0O3 with simultaneous TEM imaging in suspended geoynatid provide the first step in
exploring the utility of C4Os filled CNT in nano scale devices. We also empleagiat while
a significant amount of work has also been caroetdon the encapsulation of metals inside
CNT™ |-V characteristics have mostly been reportedMeffiled CNT, where the focus
has primarily been on deciphering the mechanismass transport in femtogram scales, and
the utility of metal-filled CNT as a nano pipp&t>  Encapsulation of multifunctional
oxides® inside CNT, especially their I-V characteristio® aelatively less explored area,
though oxides such as®s'’ and CrQ'® have earlier been encapsulated inside CNT. While
encapsulation of Crginside CNT is significant for catalysis relateghgations?®, it is also a
precursor material for the formation of two diffetehrome oxides, Cr{and CgOs, both of

which are relevant for spintronic applicatiohs'

Cr,0s is a room temperature antiferromagféty~307K), the most statffeamong
binary chrome oxides and environmentally benigrikerhexavalent Crg) and is therefore
suitable for practical applications. Significant§nO; is also a well-known magnetoelectric,
in which the magnetism can be tuned via an elefigid®*?* Upon nanoscaling, it is seen to
develop traits of a new functionality, piezomagsetf or the stress induced magnetism. In

this context, it is important to recall that whileulk CrOs, which is inherently



antiferromagnetic and magnetoelecfc but not piezomagnetic, can generate this trait in
ultra thin film fornf®. Thus, the magnetic encapsulate within ENfealises ahybrid
nanomaterial in which the magnetic properties loantuned withmagnetic field, electric
field, and possibly stress. These factors can be particularly relevant in drea of

antiferromagnetic spintronitéand the electric field control of magnetfSm

First part of our work relates to the applicatiminspecific experimental protocols
during conventional two probe I-V scans, which tesu controlled Joule heating and a
sequential restructuring of the oxide encapsulate¢his context, it is important to note that
degradation of oxides during device patterning bagn a major bottleneck in oxide
electronics®. Our work brings into fore the usage of filled CI¥3 a nano furnace, by proper
utilization of self heating. This enablessitu formation of various morphological phases of a
multi -functional oxide that can remain preserveside the CNT. Further, we demonstrate
that the presence of the insulating encapsulatirwithe CNT is linked to better heat
dissipation and therefore enhanced current flowlnmgugh the CNT. Finally we also report
bulk magnetization measurements on CNT eluciddhiegunusual magnetic properties of the

encapsulate which is preserved inside the CNT.
2. Experimental

The CpOs filling inside CNT is achieved by a two-step pogtihesis filling
procedure and is characterized by analytical TENThe pristine multiwall CNT used for the
filling purpose were synthesized by Chemical Vapddeposition. Filling procedure
involving capillary action was achieved using fpnistine CNT (ii) pristine CNT, further
subjected to high temperature annedfingBupp. Info: Text S1). In both these cases, Ok,
in the form of polycrystalline wires, was seen itbthe core cavity of the CNT. The outer
diameter of such oxide - filled CNT are in the ramgf 20 nm to 75 nm and lengths upto
5um. A representative TEM image for a typical€tl) multiwalled CNT is shown iRigure
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la. Here, the encapsulate in the form of a scanty mam®is visible within the core cavity
of the CNT. It is to be noted that in these samplegO; is also seen to fill the space between
the graphitic shells of the CNT. This filling cafso be seen as a line guided by an arrow,
alongside the filling within the core cavity of ti@NT in Figure 1a. Though our synthesis
procedure does not allow a control over this frediyeseen trapping of the encapsulate
betweerthe graphitic shells, this has been unambiguoudsntified to be GO5; with clear
chromium and oxygen peaks through Electron EnexgslSpectroscopy (EELS) in TEM in

a large number of filled CNT. These EELS resulesraported in an earlier publicatfdn

The 1-V measurements on the individual multiwalNT (both filled and pristine)
reported in this work are carried out usingsitu TEM / Scanning Tunnelling Microscopy
(STM) Nanofactory holder in both JEOL 2010 (opedatt 200 kV) and JEOL 3000f.
Magnetization measurements are conducted using r&miicting Quantum Interface

Device (SQUID) from Quantum Design.
3. Results & Discussion
3.1: 1-V scanswith in-situ TEM imaging : Schematic and experimental protocol

For the I-V studies, the CNT is suspended betweenAtu electrodes, across which a
dc electrical voltage is applied and the resultngent is measured. The schematic of two
probe |I-V measurements with simultaneous TEM imggs shown inFigure 1b. In this
schematic, a TEM image of a typical pristine CNanging in suspended geometry is shown.
The voltage is applied in two experimental protscdl)'Slow Scan’ in which a fixed dc
voltage is applied and held for a few tens of sesond@his process is repeated at regular
intervals (~few tens of seconds) for different agks. For a typicalow scan, ranging from
0.5V to 3V, stepAV can be ~ 0.2 - 0.5V (ii) ‘Fast Scan’, in which tde voltage is

progressively ramped from O up to g¥with well-defined bias stepsAV~ 2mV). Here,



each voltage pulse (0 upto %)) is ramped for a very short time, of the orderaofew
milliseconds. The crucial difference between dtev and thefastscan is holding time of the
bias voltage. This can be of the order of few tehseconds for a typicalow scanand a
few milliseconds for a typical fast scan. Typicesistance value of the multiwall CNT, both
filled and pristine used in this work ranges frorfea kQ to a few tens of R. In each I-V
scan, following eitheslow or fag scan, care has been taken to first stabilizectimgact
resistance before applying larger bias voltages ¢ha result in any morphological phase

changes of the encapsulatipgp. Info: Text S2).
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Figure 1. (a) TEM image of a typical filled CNT, depicting theide encapsulate within its core
and in- between its graphitic shells. Arrows dre guide to the eyéb) Real time image of a pristine
CNT in suspended geometry, along with the schenwdtiowo probe |I-V measurements with
simultaneous TEM imaging(c) |-V data following a slow scan protocol on the sapristine CNT
show in the upper schematldpper TEM image depicts damaged walls of the CNSended at the
bias voltage ~2 V . Lower TEM image is recordefg@t2.4 volts, at which CNT is seen to break.



Figure 1c shows an |-V scan, following glow scan protocol on a pristine CNT with
D ~ 40 nm; L ~ 930 nm, having resistivity ~0-m. This is the same pristine CNT for
which TEM image is shown iRigure 1b. During |-V scan, current first rises with incraasi
voltage and reaches a peak valug ‘dt a critical voltage “¥’. For the CNT shown in
Figure 1b, Vp ~ 1.7 Volts andd ~ 290 pA. On increasing the bias voltage beyopdthe
current is seen to drop which is accompanied bysilei deformation of its graphitic shells.
A TEM image of a segment of this CNT in the uppeset ofFigure 1c, depicts the deformed
graphitic shells and broken walls at the bias w#t&¥ ~ 2 Volts On approaching another
critical voltage referred to asgM~ 2.4 Volts in this case) the CNT is seen teakr as
shown in the lower TEM image figure 1c. These results are in qualitative agreement with

earlier reports® manifesting the effects of Joule heating drivengerature rise.

In case of a metal filled CNT, such as Fe filled Ti¢ported in literaturd™> the
Joule heating driven temperature rise influencegtiaphitic shells of the CNT as well as the
metallic encapsulate, which is seen to melt anderthwing I-V scans™. In the following
we demonstrate that in case of oxide filled CNy vhriations in the amplitude and holding

time of the bias voltage, the encapsulate can beerted to a desired morphology.
3.2: Restructuring of the encapsulate during I-V Scans

Figure 2a-2d show segments of a typical Og-filled CNT under bias, following the
slow scarmprotocol during |-V scan. A sequential restruatgrof the encapsulate, from the
initial state of a scanty nano wire to well sepaglabeads and crystals, is observed in real
time when the voltage was varied from 500 mV to(QL&®V, in the steps ~ 200 mV. The
current is also measured as a function of timeefarh voltage step as shownFigure 2e.

The step like features in | vs Time graph are aased with amplitude changes of the applied
voltage, as indicated iRigure 2e. The total time span is about 5 minutes for theremtV
scan. However, for the sake of clarity, only a fespresentative voltages are marked in

8



Figure 2e. At each voltage step, the holding time is of ¢inder of a few tens of seconds.
The exact holding time is also evident frdfigure 2e. It is to be noted that for higher

amplitude of the bias voltage, current rises stgddr a fix value of V. This is seen to occur

when the encapsulate melts and converts into b@actystal. On the contrary, the current as
a function of time remains rather constant at loamplitude of the bias voltage, when there
is no restructuring of the encapsulate. These featare guided by red arrowskigure 2e.

A clip from the video $upp. Info : Video Sl clip) in the time period between 120 - 180
seconds shows the encapsulate in the form of rmomis filling converting into well

separated beads. Full videovering entire I-V scan (~5 minutes), can be see€dupp. Info

: Video S1full) .
(a)s ! 150
1800 mV
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Figures 2(: (a)-(d) are TEM snap shots for a typical £ filled CNT during I-V scans, following
the slow scan protocol described in text. The eggkape remains in the form of a nano wire within
the core cavity for V ~ 1 V. Well separated beadd crystals are observed with progressively

increasing bias voltage¢e) Current vs. Time data for various bias voltages

Similar experiments conducted on more than a mozexide—filled CNT with
varying diameters and lengths and filling fraciarveal that it is possible to restructure the
encapsulate with discrete dc voltage pulses, rqudpeitween 1 -3 volts. This restructuring is

observed while measuring I-V in bastow andfast scans. The nano-crystals formed during



I-V scans can be preserved by removing the biagufe 3a -3b). We also observe that
depending on the initial amount of the encapsudatevell as its location over the length of
the CNT, fairly big crystals can be formed. Sudlp drystals are more frequently seen near
the contact end (the Au electrodes) where encagstéads to collect in the molten form
(Supp. Info : Vid. S2). We also observed that formation of big crystat ckeform the
graphitic shells of the CNT. One such crystal viishclear facets formed within a CNT under

prolonged bias has been showrrigure 3(b).

Figure 3: (a) Formation of beads and crystals at different kimas within the core cavity of self

heated CNT. (b) Hexagonal shape @D; particle with clear facets formed near the contead
during I-V scan. Right panel ift) shows electron diffraction on encircled areaONT, confirming
presence of GOs; in the form of beads and crystals. The encir@esh in(d) showssegment of a
CNT in which the oxide encapsulate has either Ifie@m out at the contact end or evaporated during
I-V scans. However, the ED on the right paneldfdonfirms the presence of £k in the form of

thin sheets.
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3.3: Characterization of individual morphological phases of the encapsulate

Once a patrticular phase is well formed during adedn and preserved by removing
the bias voltage, Electron Diffraction (ED) canreeorded on a thermally stabilized CNT
under zero bias. A representative is showhigure 3c, confirming the presence of L) in
the form of beads and crystals. We also emphdbketewe could not find any evidence of
elemental chromium in ED data obtained on a numb&NT, thus ruling out the possibility
of reduction of GiO3 to elemental chromium. Another important observatisnthat on
reversing the polarity of voltage during |-V scatig oxide beads or crystals do not move in
opposite direction. This is different from the easf Fe filled CNT where the metallic
encapsulate is seen to move in the reverse directioreversing the polarity during I-V

scan$®*®

The nano crystals formed within CNT under bias alo be re-melted on further
increasing the bias voltage. This melt is seefiotw within the core-cavity and also it can
flow out at the contact endupp. Info Videos S2-$4). While the encapsulate evaporating or
flowing out of the CNT is a common observafidtt, we find that by controlled variations in
V, the oxide visibly shows a tendency to flinvbetweerthe graphitic shells of CNTSupp.
info : Text S3). A tendency for the encapsulate to exisbetweernthe graphitic shells was
observed during routine TEM characterization ofsthexide filled CNT’. However, real
time observation of this phenomenon during |-V scéunther confirms that for @Ds in
molten form, the surface tension conditions aredacive for it to flow in sub nanometer

scale.

For confirming the presence of £k is sheet stage, the amplitude of the voltage was
increased such that the nano crystals and beadsedowithin the CNT either flow out from
the contact end, or evaporate. To obtain this ,staie intentionally increased well above V
to ensure that no crystals or beads are seen atr@dength of the CNT and a seemingly

11



empty CNT is left. A representative is shownha teft panel.The ED patterns recorded on
the enclosed segment of the CNT is shown in tite panel ofigure 3d. This confirms the
presence of the chrome oxide in the form of ullia sheets within CNT. Supp. Info:

FigureSl & Video $4)

Here it is important to note that due to the resotuissues in TEM imaginwvhile
performing electrical transport measurements, theagsulate in the form of thin oxide
sheets cannot be as clearly imaged as for thetisiuig which it is in the form of beads or
nano crystals within the CNT. It is also importaatimage a broad segment of the CNT
during I-V scans, in order to track the morpholaglythe encapsulate across its length.
However for seemingly empty tube under both slowfast scan, ED shows presence of

chrome oxides.

The possibility to form a thin oxide sheet in attolled manner during |-V scans is a
particularly interesting observation. Since@yis not a typical 2-dimensional material that
can be easily exfoliated into sheets similar tqpgeme or Mog the controlled variation of
V with proper utilization of self heating can beaute to form and preserve ultra thin sheets
of Cr,Oszand possibly other functional materials inside CNAis can be particularly relevant

for exploring interface effects in oxidés

Snapshots presented in Figure 2 and 3 confirm ttmatfilled CNT in suspended
geometry, under controlled bias can act as a namate, in which beads, nano-crystals or
sheets of GOz can befabricated andpreserved. The generic nature of this behaviour points
towards the possibility of achieving the same iheotfunctional materials. For instance, a
filled CNT can easily be patterned to lie overemtth in suspended geometry, similar to what
was achieved for pristine CNT by Pop ét.ahd the functional magnetic oxide can be
reshaped/ restructured by controlled voltage mdiduilg, as shown here. This can have
significant implications in on-spot formation of sied phase/ morphology, as oxides are

12



known to exhibit deterioration in their functiongkoperties during device fabrication

proceduré®.

From the |-V data collected over a large numberfikédd CNT, we find some
interesting correlations between current flowingtie CNT and various morphological
phases of the encapsulate. We observe that fovem gioltage, the current flowing in the
CNT is systematically larger when the encapsulaténithe form of beads or crystals as
compared to the case when it is in the form ofangcnano wire. The rise in current, when
the encapsulate is in different morphological pbase observed in both experimental

protocols, theslowand thefast |-V scans.
3.4 : Restructuring of the encapsulate and current enhancement

We first discuss current enhancement in variaages of the encapsulate prepared
and preserved following slowscan protocol. For these measurements, |-V stianted to
+1 Volt is recorded at the initial stage, when tixéde is in the form of nano wire. Thereafter
the encapsulate is intentionally converted to bgadsrystals) using alow scanprotocol
and this phase is preserved by switching off thees.biWaiting for a sufficiently long time
(after switching off the bias) enables thermal #itediion of the CNT. Thereatfter, |-V scan,
limited upto +1 Volt’ is again recorded. The reagorimit the bias voltage upto £1V is that
voltages of this magnitude do not further changeetkisting morphological phase. Such
limited scans, recorded at different states of ¢imeapsulate are shown Figure 4a,
depicting that theurrent for a given voltage is systematically higiwhen the encapsulate is

in the form of beads and crystals.

To explore the correlation between restructuringhef encapsulate and enhancement
in the current, we further investigated the effgictaster heating time scales and recorded I-

V scanswhile the encapsulate changes morphology. This wa®waathifollowing thefast

13



scan protocoln which voltage pulse of the type (0 upto#) are ramped for a very short
time (Figure 4b). Here each voltage cycle (say +2 to -2 voltsaatid in purple color in
Figure 4b) is ramped within a few millseconds, which is essdigtthe holding time of the
bias voltage during each ramp. This results inespondingly shorter Joule heating times. In
thesefast scans for voltage pulse in which My > 1 volt, the encapsulate changes its
morphology, similar to what one also observes typical slow scan.Fastscans lead to a
different pattern of formation of beads and nansialg as compared to patterns seen in slow
scans. However, all the core observations includisgstematic enhancement in the current

remain the sam@=igure 4b & Supp. Info: Figure S2).

200
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Figure 4 : I-V scan recorded using different protocols (a) | vs V limited upto +1 Volts, at
different stages of the encapsulate. These stames lheen prepared following a slow scan protocol

(b) 1-V scans, following fast scan protocol for shorteeating times, covering ¥« within a few

milliseconds.

Overall, data irFigure 2e andFigure 4 indicate that there is an enhancement in the

current when systematic restructuring of the endaps takes place. However, from the

statistics collected over a large number of CNT,find that the magnitude of this current

enhancement can be different for CNT with varyiraneters lengths and filling fractions.
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In order to investigate the possible reasons footiservation of current enhancement
in filled CNT, We first compare the |-V scans ingpine CNT and filled CNT so as to isolate
the possible role of the encapsulate, particuletthen it restructures. We take into account
both intrinsic factors (related to the dimension/defect densityhi graphitic shells of the
individual CNT) as well as thgeometryrelated factors (related to the layout of the nano

circuit) so as to understand the possible reascnroént enhancement.

3.5: |-V scans: Pristinevisavisfilled CNT

We first recall the I-V characteristics investiggtin the past for CN'T. Here a key result
is that as a function of applied voltage, currertiigher for the CNT with larger diameter and
shorter length In addition, each graphitic shell can have randdefects, which also
influences the current flowing in the CNT. Thesedam defects can get annealed out during
I-V scans when Joule heating driven temperature isssufficient. Such random effects
associated with the graphitic shells are likelybt® present in both pristine and the filled
CNT. Annealing of such defects can give rise to ceducarrier scattering and slightly
enhanced current in both cases. Thus valueénd |} is likely to vary with the length,

diameter and defect densify corresponding to each CNT; filled or pristine.

Apart from the above mentioned factors, a keyedéiice between filled and pristine
CNT is that each filled CNT may have different asttef filling in its as-preparedstage. In
addition, contact resistance/ area can also vgnyfgiantly for each I-V scan. Thus it is non-
trivial to isolate the various contributions rethteo dimension factor, defect density and
amount of filling and quantify the enhancementumrent, particularly while measuring two
probe I-V scans with simultaneous TEM imaging.islalso practically difficult to locate a

pristine and a filled CNT of similar dimensions.
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However, we compare I-V scans of one pristined(dets) and one filled ( blue dots)
of approximately similar diameter iRigure 5a. Both |-V scans are recorded unddtow
scanprotocol. Here a normalized quantitysgtv is plotted against the bias voltage V for
each CNT. This normalization in current enablesouget rid of variations in dimensions as
well as the contact resistance. Heggly (‘I' measured at applied bias V~500 mV) for
normalization was chosen for two reasons. (i) Fatage scans upto 500 mV, the contact
resistance is unhysteretic and reproducible ovetiphellscans. (ii) voltage scans upto 500
mV do not lead to any significant self heatingattban lead to morphological phase changes
in the encapsulate. These factors are crucial fanemningful comparison of current
enhancement in filled and the pristine CNT. Thaximum value of the normalized current
in /lspomv VSV graph is flspo my’. This value is indicative of the “current enhantent
factor” for individual CNT inany I-V scan on a CNT, irrespective of its dimensi@msl
contact resistance value. These values are higbtighy arrows for both CNT ifigure

5(a).

As evident from theFigure 5a, both filled and pristine CNT exhibit a peak like
structure in I-V pattern, which is expected for ATCunder bias in suspended geometry
However, the value oflsgo my is about 55 for the filled CNT and 20 for the firige one.
This data again shows a substantial enhancemeheiourrent for the filled CNT, which is
approximately three times the length of pristineTCahd also slightly less in diameter. It is
also to be noted that longer CNT in hanging geoynate seen to display lower threshold
value \, at which maximum current lis reached. However, in this case we find that the

filled CNT also exhibits approximately similapV
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Figure 5: Current Enhancement Factor of filled CNT : (a) Comparison of the normalized
current (I/lspo m) as a function of bias voltage(V) for a filledNT and a pristine CNT.The
maximum value of normalized curren} (I1s00 my in filled CNT is about three times in
magnitude as compared to the pristine .on®&ormalized |-V scans for a number pristine and

filled CNT are shown ifb) and(c). Normalized das a function of diameter is shown(d) for a
number of filled and pristine CNT . The lengtithef individual CNT in each case is also indicated
in beside each data point. Data showr{dhfurther confirms that the average value of normedi |

for the filled CNT is significantly large irrespeat of length and diameter.

[-V data on a number of pristine and filled CNTwafrious diameter and length is

shown inFigure 5b & 5c respectively. We observe that for pristine CNfg tise in
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normalized current starts to occur ~ 1 Volt. Theps at which current rises as well as the
value } andV, vary, depending on the dimension of individual Cé'well as defect density
associated with the graphitic shells. For filled TTNhe rise starts to occur at a relatively
higher value ~ 1.5 Volt, which also coincides wilte restructuring of the encapsulate as
observed duringn-situ TEM imaging. As evident from thEigure 5c, current rises at much
faster rate and normalizegl ik significantly larger. For some filled CNT, theltage was not
scanned beyond p/so as to preserve the crystal or the beads forrdewp ED pattern.
However the trend in the rise of the current inthsaeven superior current enhancement

factor (blue diamonds iRigur e 5c).

Normalized p (or the current enhancement factaojained from individual |-V scans
in each case, as a function of diameter is shownguare 5d . It falls within a certain range
(10-20) in case of pristine and between 40-80 sea# filled ones. These data confirms that
the average value of maximum current flowing in tileed CNT significantly larger
irrespective of dimensions and defect density factors to be noted that all the data shown
in Figure 5, (for comparing the current enhancement factaesyecorded following identical
experimental protocol oflow I-V scans. Qualitatively similar results were atveel during

fast scangnot shown here) as well.

As is evident fromFigure 5, large enhancement in current observed in fill&TC
cannot be explainednly within the framework of variations in the dimensiof the CNT or
the presence of the random defects in its grapsiiedls.(Supp. Info : Text S4) The range of
current rise due to annealing of random defectecs®d with the graphitic shells can be
also judged fronFigure 5d. The data contained iRigure 5(a-d) brings out that defect
annealing of the graphitic shells exists in batistme and the filled CNT, as both exhibit a

sharper rise in normalized current, roughly abo%¥olt, where Joule heating becomes

18



significant. However current rises at much fasée for the filled CNT and the normalized |

is also much larger in magnitude. .

Regarding the enhancement of the current, anothssilplity is that of current
flowing through the encapsulate, apart from thelitec shells of the CNT during I-V scans.
However, here a nano scale insulator is encapsulatéhin a metallic multiwall CNT. For a
metallic encapsulate, such as the case of Fe flld™, possibility of current flowing
through the metallic Fe core can be taken intmawt. However, considering the insulating
nature of the encapsulate, (and for the geometth &1 shown irFigure 1b during |-V
scans) it is reasonable to assume that the cyrenérily flows through the graphitic shells

of the CNT.( Supp. Info S5)

Thus the situation in our case is that of a namtesasulating oxide inside a metallic
CNT and during |-V scans we observe a signifiearttancement in current flowing through
the filled CNT vis-a-vis pristine CNT. This enhaneent does not seem to arise from only
the dimension factor or defect density associated & particular CNT. In the following
section, we discuss a possible scenario relatatietdeat sinking mechanism in our filled

CNT that can lead to the observed current enhanteme
3.6: Prigtinevisavis filled CNT in suspended geometry : Heat sinking mechanism

Considering thday out of the nano circuit during I-V scans, (which igaometry
related factor) we recall that the current flowinig a suspended CNT is slightly smaller in
comparison to the case when the same is lyintnersubstrate Here the suspended CNT is
seen to exhibit a peak like structure in |-V scahgreas the one lying on the substrate shows
a saturating behaviour These features are understood to arise fromembgat sinking
mechanism due to the presence of the subktratis also observed that a pristine CNT in

suspended geometry during |-V scans usually br&aks the middle on approachingsVas
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the Joule heating driven temperature rise is maxiratithis locatiofi®. At the contact ends,
the metallic electrode provide better heat sinkimechanism. From |-V scans uptg \én a
number of filled CNT, we observe that unlike pnistiCNT, the filled ones do not usually
break from middle on approachingsVThese features indicate that the heat dissipation
mechanism of filled CNT in our case, though still suspended geometry, needs to be

investigated.

As Prepared Cr,0; filled MWCNT oV
. S N § o—,_

e e > 4 e S

Au-Electrode

Figure 6 (a)-(d) Schematic of GO; filled CNT (side and top view ) depicting variousrphological

phases of the encapsulate being formed under pssiyrly increasing bias

We first note that in our case, the electricallgulating encapsulate is in thermal
contact with the graphitic shells of the CNT. Thilked CNT is shown schematically in
Figure 6a where the encapsulate (green) is in the form ahtgcpolycrystalline nano-wire

within the core cavity, with an occasional trappimgbetween the graphitic shells. This
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depiction is foras-preparedilled CNT under zero biasFigures 6b-6d display the effect of
systematically increasing bias voltage and assetisgmperature rise due to Joule heating.
Here the encapsulate, (through its thermal contatit the self heated CNT) melts and
expands within the core cavity as is clearly obsém simultaneousesal timeTEM imaging
This is followed by the systematic formation of 8e@and nano crystalg=igures 1-2, Video
S1-$4). This procedure is likely to create a more aimmf coating of the encapsulate within
the core cavity of the CNT, leading to a betterrid contact with the graphitic shells. On
increasing the applied bias further, the nano-atystthus formed, re-melt and further
expand, resulting in the common observation of nzové@ more material flowing out of the
CNT at the contact ends until there is no visieticle observed within the core cavity.
However, a thin layer remains within the core caahdin —betweerthe graphitic shell$
Figure 3c -3d). Since the graphitic shells are in thermal contéth the heat sink (the Au-
electrodes) the uniform coating of the oxide enakgis is likely to provide additional / better
heat sinking mechanism than what exists for aipasCNT. This heat sinking to the Au —

electrodes can be direct or through the graphigtls of CNT.

Thus I-V scans on filled CNT indicate that varidiesms of the insulating filling
(wire- beads-crystals -sheets) are likely to adhasheat sinks of varying capacity, providing
additional heat dissipation routes along the lemgtthe CNT and contribute in larger current
flow for a given voltage, as we observe. Thials corroborated by | vs Time Bigure 2e,
clearly exhibiting a steeper rise in current whem@phological phase changes take place in
the filling. The magnitude of this substantiallyhanced current in the case of filled CNT
also indicates that it would be interesting to stigate the thermal conductivifyof each

morphological phase and its contribution in theeuair carrying capacity of the CNT.

3.7 : Magnetic characterization of Cr,Osfilled CNT
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Having established thabn—spot morphological phase changes are possible for this
functional magnetic oxide using CNT in suspendedngetry observation of associated
current enhancement, we have also explored the etiagoroperties ofis—preparedilled
CNT using SQUID magnetometdfigure 7 shows the magnetic characterization ofCizris
in the form of nanowires within CNT. Here, bulk gmetization (M) is measured as a
function of magnetic field (H) and temperature (Tigure 7a shows the M-H isotherm
recorded at 10 K depicting a non-saturating behavad M upto the field of the order of 5
Tesla, indicative of AFM interactions. This alsonfioms that our sample does not contain
ferromagnetic catalyst particles, which generatiifexre to CNT during the routine synthesis,
using Chemical Vapour DepositiSnSupp. Info: Text S6). The M vs T data measured from
310 K down to 5K in the field cooled (FC) state,seen to increase with decreasing
temperature, as shown figure 7b. This behaviour is qualitatively similar to whatseen in

nanoscale antiferromagnets in general, and in retiofes and nanowires Cr,05>°

Earlier studies have indicated that in ultra thiim form, when CsO3 appears as a surface
layer in a composite system, comprising of a feagnetic core (Cr@ and
antiferromagnetic shell (@Ds), its magnetoelectric properties are enhanced tearoom
temperaturé. In addition, it also develops traits of piezometignt® or stress induced
magnetism, when appears as ultra thin surface layéhis composit®. We investigated if
some of these traits, especially signatures otstieduced moments, are still present when
Cr,0O3 is confined within CNT. These features are exmlothrough Thermo-Remanent

Magnetization (TRM) measurements.

It is interesting to recall that the magnetizatdymamics of nano scale antiferromagnets
is a heavily debated topic in literatéite For such systems, measuring The TRM
measurements (as a function of time ‘' or temperatT’) can reveal subtle magnetic

features, which are not clearly visible in routinefield magnetization measuremetits’ In
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addition, the TRM, which basically represents thagnetization relaxation dynamics, after
the removal of the applied magnetic field, carreeswealth of information about the
associated magnetic phd%€ This can be crucial for nano scale antiferromsgnehich

have large number of uncompensated surface spidinig to a variety of magnetic phases.
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Figure 7: Magnetic characterization of as-prepared CNT: (a) shows MH isotherm at 10K,
exhibiting non saturating magnetization up to 5 laesThis also confirms the absence of
ferromagnetic catalyst impurities in our samf@Magnetization as a function of temperature at
H = 0.1 Teslac) Main panel shows TRM as a function of temperatundicative of robust pinning

mechanism leading to a fairly constant TRM valuea iwide temperature range. The inset shows a
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change of slope around 280K, which is not cleaitjble in routine or in-field M vs T measurements.
(d) shows the TRM as a function of time, exhibitingwstelaxation phenomenon, following a

logarithimic dependence (inset).

In Figures 7c & 7d, the TRM data is presented which has been obtainéa tive
following protocol. First the sample is cooled Inetpresence of magnetic field, referred to as
Hcoo from 310 K down to 10 K. At 10 K, the magnetic fleks removed and the TRM is
measured inzero magnetic field either (i) as a function of increasing temperaflirérom

10 K to 300 K, or (ii) as a function of time ‘t’ up to a couple of hours.

Figure 7c shows TRM as a function of temperature showingitefvalue over a wide
temperature range right up to the room temperafithies indicates a magnetization pinning
mechanism which is fairly robust in nature. Theetnshows the same in the expanded
region, between 240-320 K exhibiting a subtle cleaofslope around 280K. This feature in
the TRM data is not as clearly seen in routine-field M vs T data. These data also brings
out the utility of TRM measurements in the casesaio scale AFMs. It is interesting to
recall that a similar feature in M vs T in isostwal compoundi-Fe,03 is associated with
the onset of piezomagnetism or stress induced misfiewhile bulk CO; does not exhibit
this feature, in ultra thin film form, it has showme possibility of piezomagnetic moments
due to strain effects arising from lattice mismatciDbservation of substantial TRM along
with a change of slope in TRM vs T around 280ri{licates the possibility of stress induced

moments when GDs is confined within CNT in the form afano -wires.

Figure 7d shows TRM as a function of time, measured ovema fperiod of about 1.5
hours, exhibiting slow relaxation phenomenon. Titeet shows that the magnetic relaxation
or the time dependence of the TRM is logarithmicniature. This is different from
exponential decay, seen in Fe filled CNTindicating unusual magnetic properties of the

oxide encapsulate within CNT. These data furthefiom unusual magnetic state of Ok,
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particularly through the observation of a long tiveemananc® which can be associated

with the onset of stress induced moments in thesesy.

More importantly, the functional magnetic propestiexist near the room temperature
where nano spintronic devices are expected to wibris also evident that its magnetic
properties, when it systematically forms as beau®mo crystals and sheets inside an
individual CNT will be interesting from both thedtial and experimental point of view. The
magnetic properties on individual CNT can also kpla@ed using the technique of micro

Hall Magnetometri?, and such measurements are planned for the future.

4. Conclusion

In summary we show the possibility of changing mherphological phase of a multi
functional magnetic oxide encapsulated and prafeatside carbon nanotubes. This is
achieved via modulations in amplitude, rate andlingl time of the bias voltage during two
probe I-V measurements on individual CNT in susgeihgeometry and points towards the
possibility of achieving the same in other functiboxides. We further demonstrate that the
presence of an insulating filling inside the CNTves as a pathway to heat sink or acts as a
substrate within the CNT, leading to the enhancenrecurrent flowing through the CNT.
This can be promising for enhancing the currentyaay capability of CNT as interconnects
and for better thermal heat management in nandretecs. Novel nano-spintronic devices
can be envisaged, comprising of unique magnetic elradtrical properties of the oxide
encapsulate, which is protected inside the grapitiells of carbon. In addition, graphitic
shell of the multilwall or single wall carbon nanbes, can provide either metallic or

semiconducting contact according to a specificiappbn for device patterning.
Supporting Infor mation
Text S1-S6, Figures S1-S2, Video S1- S4 have beem @s supporting information.
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