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Synopsis

Introduction

This synopsis presents a summary of some experiments on nanoscale devices fabri-

cated with NbSe2, NbSe3 and VO2. The first two materials undergo a charge density

wave phase transition and the last one a metal-insulator transition. The aim is to

study how reduction in sample size affects the properties of these systems as compared

to previously-known behaviour in larger macroscopic crystals across phase transitions.

Overview

A major area of interest of present day condensed matter research is the understand-

ing of complex systems that involve interactions between the constituent particles, like

high temperature superconductivity [1], heavy fermion behaviour [2], metal-insulator

transition [3] to name a very few. With rapid developments in experimental tech-

niques, some of these well-known problems have found new emphasis in a variety of

research directions. (Cold atoms are used to simulate Hubbard model interactions

[4]. Micromechanical oscillators are applied to look for quantized vortices [5, 6].) In

view of such developments, the field of nanoelectronics has also opened up new ways

to probe some of these problems. This particular area will be the focus of my work -

application of techniques in nanoelectronics to study a few phase transition systems.



Outline

We will start by discussing an experiment on thin flakes of NbSe2 to probe the in-

fluence of the charge density wave transition [7] on its elastic modulus. The results

obtained were significantly different from macroscopic behaviour [8]. This motivated

us to perform similar measurements on NbSe3 nanowires. The charge density wave

phenomenon is more well understood for NbSe3 than in NbSe2. The goal of the exper-

iments on NbSe3 was to enable us to understand more generally the elastic properties

of nanoscale CDW systems.

In another experiment, we probed the tunability of the conductance of VO2

nanobeam transistors with the application of a gate voltage. VO2 undergoes an

insulator-metal transition with temperature accompanied by a structural change [9].

In recent times, there has been an attempt to fabricate devices from this material

that can act as switches by exploiting the phase transition characteristics [10]. The

field-effect transistors fabricated from VO2 have so far been prepared from thin films

[11, 12, 13]. Our experiments on nanowires provide new insights into the gate-induced

conductance modulation in this system .

1. Influence of charge density wave phase transition

on the elastic modulus of nanoscale systems

1.1. Charge density wave (CDW)

Electron-phonon coupling in certain materials drives the electron cloud and the lattice

to adopt a periodic distortion. This periodic configuration is termed a charge density

wave [7, 14]. The crystal is a normal metal at high temperature, and the charge

density wave phase develops upon cooling it below a critical temperature.

This phenomenon is well understood for the case of an one dimensional lattice.

Accounting for the electron-phonon coupling in such a lattice, the total energy of the

system is minimized under a periodic deformation (Fig. 1) of both the electron density

i



λCDW

position of nth atom: rn = an + δ sin (2πan/λCDW
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Figure 1: The configuration of the lattice and the electron distribution in the normal
(top) and charge density wave (bottom) states. In the charge density wave state,
there is a periodic distortion over space of the positions of the lattice ions as well as
the electron density.

and the lattice [7]. The phonon modes are renormalized, leading to a frequency ω →0

for a finite wave-vector 2kF , which characterizes the charge density wave periodicity.

(kF is the Fermi wave-vector of the electron gas.)

In the charge density wave phase, an energy gap opens up at the Fermi surface,

driving the system into semiconductor-like behaviour. This phenomenon has been

widely studied for four decades now with electrical transport [15], neutron scatter-

ing [16] and angle-resolved photoemission spectroscopy (ARPES) [17]. Experiments

probing the elastic properties of these crystals reported an abrupt change at the phase

transition [8, 18, 19]. We will study the modification in elastic behaviour close to the

CDW transition upon reduction of the system size. The devices fabricated for this

purpose are in the form of thin flakes (NbSe2) and nanowires (NbSe3). We will now

take a detour and explain the technique of nanoscale electromechanical resonators,

which will be employed for the measurement of elastic modulus across phase transi-

tions.
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Figure 2: (a) Scanning electron microscope (SEM) image of a suspended NbSe2
device. (b) Schematic diagram of the circuit for actuation and detection of the res-
onator.

1.2 Nanoelectromechanical resonators

The field of nanoscale resonators has rapidly evolved over the past few decades, find-

ing applications in probing the Casimir effect [20], the spin-torque effect [21], coupling

of electronic and mechanical properties of quantum dots [22, 23], ultra-sensitive mass

detection [24, 25] and probing quantized states of a harmonic oscillator [26]. Various

actuation techniques have been used like optical [27], magnetomotive [28] and capac-

itive [29]. We will use the method of capacitive coupling. This classifies our devices

as electromechanical resonators.

The crystal, in the form of a thin flake or a nanowire, is deposited on a Si wafer

(coated with an insulating layer of SiO2) and contacted by metal electrodes. The

doped-Si layer below the SiO2 acts as a back-gate. The dielectric beneath the crystal

is etched off by dipping the sample in a buffered HF solution, thus suspending the

device [30]. The scanning electron microscope (SEM) image of a suspended NbSe2

flake is shown in Fig. 2a. When a dc gate voltage is applied, the gate and the beam

act as two plates of a capacitor [29]. (Schematic diagram of the circuit is shown in Fig.

2b.) Charges are induced on the beam and it feels an attractive force which produces

a bending. On applying an additional ac voltage at frequency f , an oscillating force

at the same frequency is produced on the beam. When the frequency of the ac voltage

matches the natural resonant frequency of the device, it oscillates with the maximum

amplitude. This system is analogous to a driven harmonic oscillator.

iii



For read out of the signal, a source-drain voltage is applied at a slightly different

frequency f+∆f . Mechanical vibration at frequency f leads to a capacitance modu-

lation at the same frequency, which in turn leads to a modulation of induced charges

and thus also the conductance. A heterodyne mixing of two frequencies results. The

current through the device is a product of two frequencies, which can be expressed

as a sum of two frequency components. The low frequency ∆f component is called

the mixing current (Imix) and it depends upon the amplitude of mechanical vibration

[29, 31, 32]. The driving frequency at which there is the largest change in mixing

current corresponds to the resonant frequency of the device. In simplified form, the

mixing current depends upon the amplitude of oscillation ξf at driving frequency f

as

Imix =
dG

dq
(Aξf +B), (1)

where G is the conductance of the resonator beam and q is the charge induced by

dc gate voltage V dc
g . A and B are factors that depend upon applied voltages and

the device geometry. The factor dG
dq

is called the transconductance and denotes the

change in conductance per unit induced charge.

1.3 Charge density wave transition in thin flakes of

NbSe2

NbSe2 is a layered material. It is composed of two sheets of Se atoms with a sheet

of Nb in between, and these layers are stacked with a weak interlayer coupling (sep-

aration of 6 Å) [33]. NbSe2 undergoes a CDW transition at ∼35 K and becomes

superconducting at ∼7 K [34]. Due to its layered structure, it does not have a quasi-

1D, but a quasi-2D charge density wave. There are additional complexities involved

in understanding the 2D CDW phenomenon [35, 36] because only a small part of the

Fermi surface participates in the formation of the CDW, while most of it remains

ungapped and turns superconducting below 7 K. The resistance as a function of tem-

perature shows a feeble ‘hump’ close to 35 K - a consequence of the CDW transition

(Fig. 3a). The origin of charge density wave in NbSe2 has long been a debated topic

[17, 36, 37, 38, 39, 40, 41, 42].
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Thin flakes of NbSe2 (typical thickness ∼ 35-50 nm) were obtained by mechanical

exfoliation. They were deposited on doped-Si/SiO2 substrate and suspended devices

were fabricated in the method outlined earlier (Fig. 2a). The resonant frequency of

a doubly clamped beam [43] is given by the following expression:

f0 =

√
EI

ρS
(
1

2L

√
ε
S

I
+

1

L2
), (2)

where E is the elastic modulus, I the inertia moment [= 1
12
(width)× (thickness)3],

ρ the mass density (=6.467 g/cm3) [33], S the cross-sectional area, L the length of

the resonator and ε the strain. Fig. 3b shows a plot of the mixing current as a

function of the driving frequency taken at 10 K temperature. There is a peak at 23.9

MHz, which signifies the resonant frequency of the beam. At room temperature, the

resonant frequency was 18.6 MHz from which the elastic modulus of the NbSe2 flake

is calculated to be 1.0×1011 Pa. On cooling down the device, the metal electrodes

contract, thereby inducing a tension on the flake. This leads to an increase in the

strain resulting in an increase of resonant frequency. From the data of Fig. 3b and

using equation (2), the strain is estimated to be 1.1×10−3.

Fig. 3c shows the plot of the resonant frequency measurements done by sweeping

the temperature across the CDW transition. The colourscale represents the mixing

current (Imix), with the resonant frequency being indicated by the position of maxi-

mum change in Imix. In the region of the CDW transition, between 30 and 40 K, a

large change in resonant frequency is observed. This corresponds to a 10.4% change

in the elastic modulus. This is an enormous change compared to the observations

in macroscopic crystals. Earlier experiments on bulk NbSe2 by Barmatz et al had

shown only a 0.2% change in the elastic modulus [8]. Our experiments thus highlight

a significant difference in behaviour. In order to understand the reason behind this,

we can contrast our data to the previous vibrating reed experiments. A ‘negative

peak’ was observed in elastic modulus at the CDW transition in NbSe2, and also in

another CDW compound TaSe2. This feature is not seen in our devices. According

to the theoretical work on TaSe2 by Prelovsek and Rice [44], this ‘negative peak’

occurs because of formation of domains in the crystal. Domains, with dimensions on

the order of 1 µm, have been observed in TaSe2 [45] and NbSe2 [46] by transmission

v



300

200

100

24.424.023.623.2

M
ix

in
g 

cu
rr

en
t

Frequency (MHz)

(p
A

)

10 20 30 40 50 60

40

39

38

Temperature (K)

F
re

qu
en

cy
 (

M
H

z)

4.
75

5.
00

5.
25

5.
50

lo
g e

(M
ix

in
g 

cu
rr

en
t (

pA
))(b)

(a)

Q = 215

20

10

0
503010

1.2

1.0

0.8

453525

T
(d

 ln
R

/d
 T

)

Temperature (K)

R
es

is
ta

nc
e 

(Ω
)

Temperature (K)

(c)

Figure 3: (a) (Left) Resistance as a function of temperature for an on-substrate
NbSe2 device. There is a feeble and broad peak around 35 K marked by the dashed
line, characteristic of the CDW transition. (Right) The T dlnR

dT
plot showing the CDW

feature prominently. (b) Measurement at 10 K, showing mixing current Imix as a
function of driving frequency f . The peak at 23.9 MHz indicates the resonant fre-
quency of the device. (c) Color-scale plot of mixing current Imix as a function of
driving frequency f , scanned over a range of temperature across the charge density
wave transition. The resonant frequency starts to increase sharply above 30 K, a sig-
nature of transition from the charge density wave to normal state. An abrupt change
(dashed circle) is also noticeable at 18 K.
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Figure 4: (a), (b) Scanning electron microscope (SEM) image of suspended NbSe3
devices. (c) Resistance as a function of temperature for a nanowire device. (d)
Differential resistance as a function of dc current through an NbSe3 nanowire.

electron microscopy (TEM). Our devices, being around 2-3 µm in length, may be

comparable in size to a few domains only while the previous experiments on bulk

crystals were done on samples three orders of magnitude larger in size. The difference

of our results both in the shape of CDW feature and the magnitude with previously

known macroscopic behavior may be a manifestation of few-domain behavior.

1.4 Charge density wave transition in NbSe3 nanowires

The structure of NbSe3 is composed of linear chains (each consisting of Nb and Se

atoms) stacked with a considerable inter-chain separation [47, 48]. This quasi-1D

structure makes it a system which can be understood satisfactorily well by the model

of the ideal 1D CDW crystal. The unit cell of NbSe3 consists of three distinct types

of chains - two of which undergo a CDW transition. These two transitions are promi-

nently seen by measuring the resistance as a function of temperature and occur at 60

K and 145 K [15].

Some intriguing properties associated with the dynamics of charge density waves

are seen in NbSe3 - most notably the phenomenon of CDW sliding [49]. When the

charge density wave develops, the electrons forming the condensate are trapped in
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a potential well and not free to move [50]. The conductance of the crystal is only

due to the free electrons which belong to the metallic part of the Fermi surface. The

application of a dc electric field along the length of the nanowire leads to a current

flowing through it. When the magnitude of this electric field (or the dc current)

exceeds a threshold value, there occurs a ‘tilting’ of the potential and the CDW

starts to slide. The resistance of the system begins to reduce at this point.

In recent years, electrical transport measurements have probed these canonical

features of a CDW in NbSe3 nanowires [51, 52]. Significant size-effects are observed

when the thickness of the crystal is reduced below the phase coherence length (∼3.2

µm) [48]. Our goal is to study the elastic behaviour in the size-effect regime. Figs. 4a

and 4b show SEM images of suspended NbSe3 nanowires. Instead of the two-source

mixing technique mentioned earlier, we have used the one-source mixing technique

for this experiment [53]. In this method, a frequency modulated (FM) voltage is

applied at the source and a dc gate voltage is applied at the back-gate. There is

no ac voltage applied to the gate terminal. The FM source-drain voltage has the

form V FM
sd (t) = V0 cos(2πft +

f∆
fr

sin(2πfrt)). The ac voltage at source results in

an ac voltage difference with the gate at the same frequency, which gives rise to

the driving force for actuating the resonator. This sets the device into mechanical

oscillations. The FM signal can be decomposed into various frequency components,

which mix with the vibration-induced conductance modulation. The output current

at the frequency fr is monitored with a lock-in amplifier. This is the mixing current

(Imix) which shows a sharp change as the device is set into resonance and can be

written as

Imix = B
dG

dq
f
(f 2 − f 2

0 +
f2
0

Q
)(f 2 − f 2

0 − f2
0

Q
)

((f 2
0 − f 2)2 + (ff0

Q
)2)2

, (3)

where B is a factor dependent upon the parameters of the RF signal used and

device geometry, dG
dq

is the transconductance, f0 is the natural resonant frequency of

the beam and Q is the quality factor of resonance.

The nanowires were grown by taking Nb powder and Se pellets in stoichiometric

ratio in a sealed glass tube and then heating to 630 ◦C in a furnace [52]. The growth

results in a thick bunch of wires of varying lengths and cross-sections. In order
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to disperse the nanowires, these are sonicated in isopropyl alcohol (IPA) to create a

suspension. The suspension is then deposited by a micropipette onto a doped-Si/SiO2

substrate. The suitable nanowires are identified under an optical microscope, and

used to fabricate suspended devices using electron beam lithography. The typical

length of a device is 2-5 µm. The thickness ranges from 30-100 nm and the width

from 100-600 nm. The resistance as a function of temperature of one such nanowire

is shown in Fig. 4c. The residual resistance ratio (RRR) is the ratio of the resistances

at 300 K and 10 K and comes out to be 5.6. Macroscopic crystals have RRR of a

few hundreds (∼200-400) [49, 54]. Such a reduction of RRR in nanowires has been

observed earlier and is consistent with transport measurements reported by other

groups [48, 52]. By measuring the differential resistance dV
dI

(V is voltage drop across

device and I is the current) using a lock-in amplifier and ramping up the DC current

through the nanowire (Fig. 4d), the threshold of depinning electric field (Eth) was

determined to be 5.3 V/cm. Eth in macroscopic crystals generally lies in the range

10-50 mV/cm (depending upon the temperature). This is two orders of magnitude

lesser than nanowires. In NbSe3 wires with thickness (t) of a few microns, Eth shows

a 1
t
dependence [55, 56] since the small thickness limits transverse CDW correlations.

Due to this reason, the threshold field is even larger in nanowires.

The low temperature behaviour can be significantly different from one device

to another, with the resistance showing a tendency to increase with reduction of

temperature below 20 K [51, 48]. An extreme example of such non-metallic behaviour

is shown in Fig. 5a. These transport measurements highlight properties unique to

a nanowire CDW system and confirm that our devices are in the regime where size-

effects are considerable. We now go over into discussing about the elastic behaviour

at the phase transition.

The resonant frequency of the device is determined by sweeping the frequency of

the source voltage and looking for the maximum change of mixing current. The typical

quality factor of our devices is ∼200. On slowly heating the system across the charge

density wave transition in a helium flow cryostat, the resonant frequency is tracked as

a function of temperature. A large change is observed near the CDW transition that

amounts to a 6.2% change in resonant frequency. Using the expression that resonant

frequency f0 ∝
√
E, this translates into a 12.8% change in elastic modulus. The elastic

modulus first increases and then reduces back. Just like the NbSe2 experiments, the
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Figure 5: (a) Resistance as a function of temperature for a nanowire which shows
non-metallic behaviour below 30 K. (b) Resonance measurement on a suspended
NbSe3 device by varying the temperature across the CDW transition. The colourscale
indicates mixing current.

magnitude of this is overwhelmingly large, when compared to previous reports [18, 57].

In fact, earlier vibrating reed studies on NbSe3 report only a 0.09% change of elastic

modulus (a ‘peak’ at the 145 K transition, and no detectable change at the 60 K

transition). Our devices exhibit the opposite behaviour- a sharp change at the low

temperature transition and no detectable feature at the high temperature transition.

This has been seen in multiple (numbering six) devices. An associated feature is the

reduction in the magnitude of the resonance signal when the sharp jump occurs. In

some devices, it happens to the extent of complete disappearance of the signal. The

trend of a sudden change in resonant frequency is visible, but the overall magnitude

remains untraceable because of the ‘fading out’ of the signal. This, once again, is

very similar to what has been seen in NbSe2.

To understand how the CDW transition may affect the elastic modulus, we start

with a simple one-dimensional model where the lattice is approximated as a chain

of massive particles connected by springs. This chain is placed in periodic potential

(analogous to the electron density wave distribution over space). The total energy ϵ

of the system is

ϵ =
∑
i

1

2
K(xi − xi−1 − l)2 + Γ(1− cos(2πxi)), (4)

where K is the stiffness of each spring, l its equilibrium length, xi is the position of

the ith lattice ion and Γ is the amplitude of the periodic potential. This model is known
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as the Frenkel-Kontorova model and our interest here is to calculate the phonon mode

spectrum [58, 59, 60] (i.e., we want to calculate phonon frequency ωp as a function of

wave-vector k). The relevant parameter of this model is Γ
K
. Computations show that

when the periodicity of the potential is incommensurate with the lattice, a phonon

gap opens up, i.e., the lowest frequency is non-zero, when Γ
K

exceeds a critical value

κc.

In the charge density wave phase, the amplitude of the potential will be propor-

tional to the amplitude of charge density, which in turn will be proportional to the

order parameter ∆. The stiffness of the springs should also depend upon the order

parameter, and we assume that it can be written as an expansion in terms of ∆.

Therefore, we write down the following expression for Γ
K
:

Γ

K
=

α∆

K0 + β∆+ γ∆2
, (5)

where α, β and γ are constants. When the condition Γ
K

> κc is satisfied, the

oscillation frequency of the chain will increase abruptly because of the appearance

of the phonon gap. As the system undergoes a transition from the normal to the

CDW state on cooling down, the order parameter ∆ will increase in magnitude. This

can lead to a competition between the numerator and the denominator of the ratio
α∆

K0+β∆+γ∆2 . Depending upon the values of α, β and γ, there may exist a situation for

which Γ
K

exceeds κc as ∆ increases on lowering the temperature below the transition,

and then reduces below κc on the further reduction of temperature. This will give

rise to a sharp deviation of resonant frequency from its usual value over a finite

range of temperature, as is observed in our data (Fig. 5b). The Frenkel-Kontorova

model appears to be an ideal starting point for understanding the elastic behaviour

of nanoscale CDW systems.

2. VO2 nanobeam transistors

VO2 undergoes a metal-insulator transition accompanied by a change in the crystal

structure [61, 62]. The transition temperature of a free crystal is 341 K. This prox-
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imity to room temperature has made it an interesting material for potential device

applications. Efforts are underway to fabricate Mott field effect transistors where the

phase transition can be triggered by a gate voltage [11, 12, 13]. Realization of mem-

ory metamaterials [63] and memristors [10] have also been reported. Even apart from

these aspects, the mechanism of the insulator-metal transition is still under debate.

Our experiments were conducted on VO2 nanowires that are grown on Si/SiO2

substrates and half-embedded in the SiO2 layer. (The nanowires were grown by

vapour-transport technique [64] in the laboratory of Prof. Junqiao Wu at University of

California, Berkeley.) Electrodes are patterned using electron beam lithography and

contacts are made by depositing Cr/Au. Figs. 6a and 6b show the optical microscope

and atomic force microscope (AFM) images of field-effect transistor devices.

The insulator-metal transition in a free crystal is accompanied by a 1% shrinkage

in length [9]. However, since the nanowires are embedded, this contraction is not

allowed. Consequently, stress builds up in the system and it breaks up into alternating

metal and insulator domains. The first metal domain appears around 341 K, and the

domains increase in size and number as the temperature is increased [9]. The full

metallic transition happens at a much higher temperature, which can vary between

380-400 K from device-to-device. There is a 3 orders of magnitude change in the

resistance across the phase transition (Fig. 6c). The cooling curve distinctly shows

a number of steps. These are the transitions of individual metal domains into the

insulating state.

Our devices have a local gate electrode fabricated by first depositing 20 nm of

HfO2 dielectric with atomic layer deposition and then sputtering Cr/Au on top (Fig.

6a). A source-drain voltage is applied and the gate voltage is swept to see the change

in conductance. The curve is shown in Fig. 6d. An hysteresis is observed. An

intriguing feature is noticeable. As we increase gate voltage Vg up from 0 V to higher

positive values (see Fig. 6d), conductance G increases. At the extreme value of 2.5 V,

Vg is reversed backwards. However, G does not start reducing immediately. It goes

on increasing for a while and starts to reduce only after a time lag. (Denoting time

as t, we can say that dG
dt

does not change sign simultaneously with dVg

dt
.) This implies

that the system wants to persist in the state of ‘increasing conductance’ even though

the gate voltage has reversed. This is a manifestation of the ‘memory’ or ‘inertia’ of
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Figure 6: (a) Optical microscope image of a VO2 device. (b) Atomic force microscope
image of a VO2 device. (c) Resistance (in logscale) as a function of temperature. The
steps in the cooling curve indicate metal-to-insulator transition of individual domains.
(d) Conductance of VO2 as a function of gate voltage. The resistance R, at 0 V to
start with, is 35.4 kΩ.

the system. This memory effect [65] is observed at the other extreme of gate voltage

(-2.5 V) also.

Hysteresis is known to occur in semiconducting devices due to the occurrence of

surface charge traps [66]. On slowing down the rate of sweep, these are allowed to

relax and hysteresis reduces. In our devices, the hysteresis loop area increases as the

rate of gate sweep is slowed down (Fig. 7a). Plotted as a time-chart, there exists

a time-lag between the applied voltage and the conductance (Fig. 7b). It has been

checked that there is no leakage of current through the gate electrode. Memristive

effects have earlier been observed in VO2 devices, but the cause has been attributed

to heating [10]. In our case, there is no leakage and hence heating can be ruled out.

When heated to a new temperature, the conductance of the VO2 devices takes

a long time to settle down. In one experiment, a device was heated up in 5 mins

from 343 K to 351 K and was held at this temperature. However, even 15 mins after

that, the conductance of VO2 had not stabilized. It went on increasing at a slow

rate. (The fractional change of conductance over 10 mins was 0.64%.) We define

a quantity called ‘creep’ as the fractional change in conductance over a period of
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10 mins after the sample has reached a new temperature. ‘Creep’ becomes quite

large just below the full metallic transition. It is prominent in the insulating state of

the nanowire. It is probable that mechanical relaxation time in VO2 is quite large.

When heated to a new temperature, it would take a considerable period of time for

the stress pattern and the relative domain sizes (and hence, conductance) to settle

down. This explains the thermal ‘creep’. The VO2 crystal has electric dipoles with

antiferroelectric coupling [67]. The coupling strength will depend upon the spatial

separation between the lattice sites, thus providing a coupling between the dipolar

arrangement and the strain state. Hence, the gate voltage will also affect the strain

state, and relaxation of the dipolar arrangement will have a similar timescale as the

mechanical relaxation. This may explain the slow processes leading to the time-delay

in gate effects.

3. Other contributions

During the course of my Ph.D., I was associated with other ongoing projects in the

laboratory - experiments on InAs and graphene resonators. My primary contribution

in this direction was in doing some modeling calculations for analysis of the data.

Some of the topics which I dealt with are: the dispersion of resonant frequency

of suspended nanowires with dc gate voltage, the ‘repulsion’ of two modes at closely

placed frequencies, resonators in the quantum dot regime and deducing the expression

for the resonant frequency of a graphene electromechanical resonator.

xiv
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Chapter 1

Introduction

Investigations into the electronic structure of matter have led to discoveries of in-

triguing phase transition properties. This wide-ranging field has a long history and

there are numerous examples of such phenomena known till date in a variety of sys-

tems. The signatures of a new phase of matter or a new electronic order (appearing

below a certain critical temperature) can often be queried by measuring the electrical

conductance of the system. The landmark discovery in this regard was that of super-

conductivity [1] by Onnes in 1911 and ever since then, research into the properties

of materials have ceaselessly continued to expand our knowledge of different types of

phase transition systems.

In this thesis, we will discuss experiments on two different types of phase transi-

tions - the charge density wave (CDW) transition [2] and the metal-insulator tran-

sition. [3] The charge density wave systems used in our experiments are NbSe2 and

NbSe3. For the case of the metal-insulator transition, we used VO2. Our experiments

were conducted with nanoscale crystals of these materials. Probing the characteristics

of phase transitions in nanoscale systems is an extremely broad and interesting field

of research, and the aim of this thesis is to gain insights about some problems in this

field.

The features associated with phase transitions [4] in microscopic systems can

be quite different compared to observations in macroscopic crystals. Over the last

few decades, developments in experimental techniques have enabled us to investigate
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Chapter 1. Introduction

phenomena at the mesoscale and nanoscale. Although the bulk behaviour of many

systems are well-studied, there is a lot of room left for studies of their characteristics

when the crystal size is reduced to small dimensions. Phases in solids are associated

with some typical lengthscales, that characterize the microscopic structures of the

systems. In measurements on macroscopic samples, the features unique to the micro-

scopic lengthscale remain hidden. As an introduction to the concept of how probing

at smaller lengthscales can lead to new discoveries, we give here two examples from

the fields of ferromagnetism and superconductivity. [5]

Spins in a ferromagnet tend to align parallel to each other since the energy of two

nearest-neighbour spins are minimized by the parallel alignment. It is expected that

there should be spontaneous magnetic ordering. However, the total magnetization

of real crystals of ferromagnetic substances turn out to be zero. For macroscopic

crystals, the energy cost due to the self-energy of magnetization becomes too large.

The system is broken up into several domains - small regions each of which has a

non-zero magnetization. But, the magnetization of different domains are oriented

in different directions so that they cancel each other and magnetization disappears

in the bulk. The size of a domain is the relevant lengthscale here - when looked

at below this length, there is magnetic ordering. But this ordering remains hidden

when the bulk crystal is studied. Researchers today are able not only to observe

ferromagnetic phenomena at lengthscales below the domain size (in nanoscale crystals

with dimensions of less than a few microns), [6] but to detect even single spins in

nanoelectronic devices. [7] This has given rise to the branch of spintronics. [8, 9]

Recent experiments have also attempted to understand the transport of heat resulting

from the motion of spins. [10]

We now take the example of superconductivity. In type-II superconductors, su-

perconductivity can be destroyed by the application of a magnetic field. [5] The

magnetic field penetrates through the superconductor in the form of vortices which

are regions of circulating current that locally destroy superconductivity. The mag-

netic flux through a vortex can only occur in units of the flux quantum ( h
2e
, where h

is Planck’s constant and e is the charge of an electron). The dimension of a vortex

is determined by the coherence length of a superconductor and lies in the nanometer

range. With the development of scanning tunneling microscopy, imaging techniques

at the nanoscale became greatly improved and vortices in a superconductor were
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observed. [11] Experiments have demonstrated that the motion of magnetic flux vor-

tices can be controlled in mesoscopic devices. [12] A vortex lattice can affect the

elastic stiffness of a material and this coupling has been observed in micromechanical

oscillators. [13]

The discussion above based on the instances of ferromagnetism and supercon-

ductivity highlight the rich physics that is associated with microscopic lengthscales.

Remembering the wide variety of phase transitions known in condensed matter sys-

tems, there seems to be a vast scope for new studies on such phenomena at the

nanoscale.

In the experiments with charge density wave (CDW) systems, [2, 14] our main goal

was to probe how the CDW transition affects the elastic modulus in nanoscale crystals.

A charge density wave is a form of electronic order where the electron density varies in

a sinusoidal wave-like pattern over space. The wavelength is typically of the order of a

few lattice spacings. This is a low temperature ordered phase and develops in certain

metallic systems. Theoretically, a CDW is expected to exist in an one-dimensional

metal. But, there are certain crystals (like NbSe3) with a structure consisting of linear

chains of molecules stacked together with a weak interchain coupling. [15] The CDW

develops in these materials due to this quasi-one dimensional structure. CDWs have

been observed in quasi-two dimensional systems (materials with a layered structure,

the coupling being weak between two neighbouring layers) also. One such material

is NbSe2. Experiments with both types of CDW systems - quasi-one dimensional

(NbSe3) and quasi-two-dimensional (NbSe2), have been conducted by us and will be

discussed in this thesis.

Ideally, a charge density wave should appear like an undisturbed plane wave. How-

ever, real crystals have defects and impurities that provide pinning centres. These

sites act as charge trapping centres which distort the CDW. [16, 17] There is a char-

acteristic lengthscale, referred to as the phase coherence length (typically a few mi-

crons), over which the distortion of the CDW is not appreciable and it can be treated

as having a continuous wave-like modulation. But for distances much larger than this

length, the deformation of the CDW becomes prominent. A large crystal contains

many such phase coherent volumes. As the size of the system is reduced, the electrical

transport properties begin to change. [18, 19] This is manifested in the phenomenon
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of the sliding of the CDW. [20, 21] The CDW is a condensate of electrons and remains

pinned to the lattice by impurities. Under the influence of an external electric field,

it can depin and slide. This shows up as a sudden enhancement in the conductance of

the system. Experiments on microscopic CDW systems have demonstrated that the

threshold electric field for depinning increases as the cross-sectional area is reduced,

and the dependence of the threshold field on the device dimensions is strongly affected

by the proximity of the transverse dimensions to the phase coherence length. [22]

Although electrical transport properties of nanoscale crystals have been studied,

the elastic properties have remained unexplored. When the CDW develops, the lattice

also undergoes a deformation and this can be reflected in the elastic modulus. Such

measurements have been performed in the past on macroscopic crystals - both for

NbSe2 [23] and NbSe3. [24] The CDW transition was found to lead to a relative

change of the order of 10−3 in the elastic modulus. In the case of the thin flakes

(NbSe2) and nanowires (NbSe3) we have studied, the situation may be quite different

because the system size is comparable to the phase coherence length and this can

result in an entirely different regime of the elastic response.

The elastic modulus of a system can be queried by fabricating a suspended res-

onator and measuring the resonant frequency. [25] In the case of our devices, we

utilize the technique of nanoelectromechanical resonators. [26, 27] The CDW sys-

tems are fabricated in a doubly-clamped suspended geometry and are capacitively

set into vibrations. The motion is detected by measuring the conductance. Nanome-

chanical systems have emerged as a very active area of research over the last decade

and spans a diverse range of applications - like investigating Casimir-Lifshitz forces

[28], the spin-torque effect [29], ultra-sensitive mass detection [30, 31, 32, 33] per-

forming bit-storage operations [34], realizing quantum spin transducers [35], coupling

mechanics to charge transport [36, 37, 38] and probing the quantized states of a har-

monic oscillator. [39] From the point of view of research in nanoelectromechanical

systems (NEMS), our experiments on phase transitions at low temperatures demon-

strate a new application of this technique. The resonant frequency of a suspended

beam scales inversely with its length. The dimensions of NEMS are of the order

of microns. This shifts up the frequency to the MHz range. This makes a crucial

difference between the resonators fabricated by us and the earlier measurements on

bulk CDW crystals performed by using the vibrating reed technique. (In the case
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of vibrating reed experiments, the resonant frequency was only a few kHz. [23, 24])

This difference will form an important aspect of discussion and the high resonant

frequency associated with the small dimensions of nanomechanical devices plays a

crucial role in understanding the results of our work.

After discussing CDW systems, we will describe an experiment with nanowires

of VO2 that undergo a metal-insulator transition. [40, 41] VO2 is a metal at high

temperatures and an insulator at low temperatures, with the transition occurring

at 341 K (68 oC) in a free crystal. This is a structural phase transition involving

a change in the lattice structure and shrinking of the length of the crystal by 1

%. [42] An interesting aspect of this system is that the electronic properties and

the phase transition temperature are greatly affected by the strain. [43] VO2 is a

potential candidate for a number of device applications, such as strain engineering

[42, 44], phase transition memory [45] and memory metamaterials. [46] The proximity

of the metal-insulator transition temperature to room temperature has made VO2

a promising candidate for such applications. One topic that has generated a lot of

interest over the years is the study of VO2 field effect transistors (FET). [47, 48, 49, 50]

There is a possibility that doping carriers electrostatically can lead to the electron

concentration crossing the critical threshold for undergoing a Mott metal-insulator

transition. This would realize a switching behaviour in a Mott transistor.

We have fabricated field-effect transistors from VO2 nanobeams. [42, 43] The

nanobeams are clamped onto the substrate. The shrinkage of length at the phase

transition is prohibited leading to a large stress in the system. Above 341 K, instead

of the entire crystal undergoing the metal-insulator transition, the system breaks up

into alternating domains of the two phases. This increases the transition temperature

much higher, to the range of 380-400 K.

Electrostatic modification of carrier density using a field effect transistor geometry

has been used to investigate a variety of condensed matter systems - like probing

the Dirac fermion physics in graphene, [51] tuning the transition temperature of

superconducting NbSe2 [52] and studying the coexistence of superconductivity and

ferromagnetism at oxide interfaces. [53] The aim of our work with VO2 nanobeams is

to understand how the conductance is modified by the application of an electrostatic

gate voltage, and how the response changes as the temperature of the system is varied
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across the phase transition.

This thesis consists of 7 chapters. In Chapter 2, we discuss the topic of bending

of elastic beams and give an introduction to the experimental technique of nanome-

chanical resonators. An introduction to the physics of charge density wave systems

is provided in Chapter 3. Chapters 4 and 5 are dedicated to our work on NbSe2

and NbSe3 respectively. This completes the discussion of the experiments on charge

density wave systems. In Chapter 6, we give an account of our study with VO2

nanobeams. In Chapter 7, we summarize the results presented in this thesis and

discuss future directions of research.
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Chapter 2

Beam mechanics and the

fundamentals of electromechanical

resonators

This chapter discusses driven oscillations of suspended structures. The bending of

beams is a well-studied problem of great practical importance in physics and engi-

neering. [25] We consider the case of a beam (clamped at both ends) that is deflected

under the influence of an external force (Fig. 2.1). When such a suspended structure

is momentarily disturbed from equilibrium, it executes vibrations at a characteristic

‘natural’ frequency determined by its geometric dimensions, the tension and the elas-

tic modulus. This is analogous to the simple harmonic oscillator, which has a unique

natural frequency and oscillates with the maximum amplitude when driven with a

force of the same frequency. These ideas form the framework in which the dynamics

of nanoscale resonators are understood. In the following, a review of the mechanics

of the harmonic oscillator and the bending of beams will be provided, with the aim

of understanding the relation between the natural resonant frequency of a clamped

beam and its elastic modulus. We will also describe the experimental techniques used

in nanoelectromechanical resonators for the actuation and detection of vibrations in

nanostructures.
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x
y

z

τ

Load

Figure 2.1: A suspended beam clamped at two ends. A tension (τ) develops when an
external load is applied.

2.1 Simple harmonic oscillator

A mass m connected to a spring of stiffness k makes a simple harmonic oscillator.

The restoring force provided by the spring is −kz (where z is the displacement of

the mass from the unstretched length of the spring) and the natural frequency of the

oscillator is f0 = 1
2π

√
k/m. In the presence of a velocity-dependent damping force

(with damping coefficient γ) and an externally applied driving force of frequency f

and amplitude F0, the equation of motion is given by

m
d2z

dt2
+mγ

dz

dt
+ kz = Fo cos(2πft) . (2.1)

The mass m executes a periodic motion at the frequency of driving f with an

amplitude A. The solution of the above equation for a driven harmonic oscillator has

the form

z(t) = A cos(2πft+ ϕ) . (2.2)

The linear differential equation (2.1) can be written in terms of complex variables

as
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m
d2z∗

dt2
+mγ

dz∗

dt
+ kz∗ = F0 e

i(2πft) . (2.3)

z∗ here is complex and its real part is our desired solution. The solution for z∗ is

z∗ =
F0/m

(2π)2(f 2
0 − f 2) + i(ff0/Q)

,

=
z0f

2
0

Q

1

(f 2
0 − f 2) + i(ff0/Q)

, (2.4)

where Q = 2π f0
γ

is the quality factor of the response of the oscillator and z0 =
F0/m
(2π)2

Q
f2
0
. This leads to the solution of amplitude and phase parts of Eq. (2.2),

ϕ(f) = tan−1

{
ff0

(f 2
0 − f 2)Q

}
, (2.5)

A(f) =
z0f

2
0

Q

1√
(f 2

0 − f 2)2 + (ff0/Q)2
. (2.6)

A is maximum when f is close to the natural frequency of the oscillator f0 (=
1
2π

√
k/m) and falls off rapidly as f shifts away from f0. The functional form of A(f)

is a Lorentzian lineshape. The sharpness of the response is quantified by the quality

factor Q. It becomes larger as the damping reduces and in the ideal case when there

is no dissipation, Q becomes very large. The shape of a typical Lorentzian response

curve is shown in Fig. 2.2.
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Figure 2.2: Response of a driven harmonic oscillator. The amplitude of motion is
maximum when it is driven at a frequency equal to its natural frequency f0. The
response has a Lorentzian lineshape.

2.2 Deflection of a loaded beam clamped at both

ends

A beam clamped at both ends undergoes a bending when a load is applied in the

transverse direction. The deflection of the beam along the length is represented by

the function ξ(x), where ξ is the displacement in the transverse direction at a point

on the beam a distance x away from one end (Fig. 2.3a). We consider here the case

of a uniform load of w per unit length. The beam can be initially in a condition of

stress and an additional stress is induced due to bending. We represent the force due

to tension as τ and the elastic modulus of the beam as E.

Fig. 2.3b illustrates a small segment of the bent beam. The length of the segment

in the unstretched condition is δx. R is the radius of curvature. Due to bending,

the lower part of the segment in elongated more than the upper part, which means

that the strain varies along the transverse cross-section. A plane is drawn through

the middle of the segment to serve as the reference. The length of the beam segment

in the stretched condition at a distance η (shown by a dotted line in Fig. 2.3b from

the central plane is denoted as δx′(η). The longitudinal strain along this line is
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xx=0 x=L

uniform load

ξ

τ
wδx

F

F+δF

M M+δM

δx

a

c

R

η

y

b

     dS

(c.s. area)

τ

Figure 2.3: The mechanics of a loaded beam. (a) The deflection of a doubly-clamped
beam with a uniform load is represented by the function ξ(x). It is maximum at the
centre. (b) This diagram represents a small segment of the bent beam which develops
a curvature due to the bending. (c) This is the free body diagram of an infinitesimal
segment of the beam.
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ϵ =
δx′(η)− δx

δx
=

δx′(η)− δx′(0)

δx
+

δx′(0)− δx

δx
,

≃ δx′(η)− δx′(0)

δx′(0)
+

δx′(0)− δx

δx
,

=
η

R
+

δx′(0)− δx

δx
. (2.7)

The longitudinal stress in the segment distance η from the centre is ϵE and this

leads to a net torque about the y-axis,

M =

∫
S

ηϵEdS =

∫
S

η2

R
EdS . (2.8)

The integral in the above Eq. 2.8 extends over the cross sectional area S of the

beam. We define the moment of inertia

I =

∫
S

η2dS . (2.9)

For small bending of the beam, the radius of curvature R ≃
(
d2ξ
dx2

)−1
, and the

bending moment M becomes

M = EI
d2ξ

dx2
. (2.10)

We now draw the free-body diagram (Fig. 2.3c) of a segment of the beam of

length δx. [25] The shearing force on one side-face is labeled as F . The balance of

moments about the right end of the segment leads to
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(M + δM) + Fδx = M − wδx× (δx/2) . (2.11)

In the limit δx →0, we get

dM

dx
= −F . (2.12)

We now write down the equation for the balance of forces. Apart from the external

load (w per unit length) and the shear forces, the tension will also have a contribution

in the ‘vertical’ direction. Due to the curvature of the beam, component of the tensile

force τ in the direction of the transverse load is τ dξ
dx
. Taking into account the tensile

stress on both sides of the small segment of length δx, we write,

(F + δF ) + wδx− F + τ
d2ξ

dx2
δx = 0,

dF

dx
= −w − τ

d2ξ

dx2
. (2.13)

Differentiating Eq. 2.12 with respect to x and comparing with Eq. 2.13 leads to

d2M

dx2
= w + τ

d2ξ

dx2
, (2.14)

EI
d4ξ

dx4
− τ

d2ξ

dx2
− w = 0 . (2.15)

The solution to the above equation gives the profile of the bent beam under applied

forces. It has to be kept in mind that the tension τ is not independent of the external

load w.

13



Chapter 2. Beam mechanics and the fundamentals of electromechanical resonators

τ = τ0 +
ES

2L

∫ L

0

(
dξ

dx

)2

dx . (2.16)

Here, τ0 is the residual tension and the second term is the change in length upon

bending due to the external force. Eq. 2.15 needs to be solved self-consistently with

Eq. 2.16.

The beam can be displaced from equilibrium by disturbing it momentarily, when

it will execute oscillations about the mean position at its natural frequency fn. The

equation of motion of the beam for small displacement δξ about the equilibrium

configuration can be derived in a similar manner as Eq. 2.13 by taking care of the

additional ‘mass×acceleration’ term ρS d2(δξ)
dt2

. (ρ is the mass density.) This analysis

was done, along with the solution of Eq. 2.15, by Sapmaz et al. [54] The boundary

conditions used were the ones applicable to a beam clamped at both ends: ξ(x = 0) =

ξ(x = L) = dξ
dx
(x = 0) = dξ

dx
(x = L)=0. The natural frequency of the fundamental

eigenmode of vibration, in the two limits for low and high tension, are given by, [54]

fn =

√
EI

ρS

(
3.56

L2
+ 0.04

τ

EI

)
τ ≪ EI

L2
,

=

√
EI

ρS

(
1

2L

√
τ

EI
+

1

L2

)
τ ≫ EI

L2
. (2.17)

2.3 Nanoelectromechanical resonators

Nanomechanical resonators are devices fabricated for studying the vibrations of clamped

beams, where the ‘beam’ is in the form of a suspended nanowire (or a nanotube,

nanoribbon or a very thin film). There are two important aspects which character-

ize the functioning of such devices: a) the actuation of motion and b) the detection

of its motion. In our experiments, we will use the electrostatic force due to capac-

itive coupling between two electrodes for the actuation of mechanical motion, and

a source-drain ac signal for detection. This will categorize our resonator devices as

14



2.3. Nanoelectromechanical resonators

Contact

Nanowire

Insulating layer

Gate

~

Vg
dc

Vg

ac
(f)

Figure 2.4: Electromechanical resonators. A voltage applied between the nanowire
and the gate results in an electrostatic force that bends the nanowire.

nanoelectromechanical systems (NEMS).

Fig. 2.4 shows a simple schematic for the actuation of a nanowire resonator. The

nanowire is clamped by two metallic electrodes on an insulating substrate. There

is a conducting gate electrode at the bottom. A dc gate voltage V dc
g is applied

between the gate and the contact. The nanowire and the gate act like two plates of a

capacitor and opposite charges are induced on them. There is an electrostatic force

on the nanowire, which pulls it downwards producing a bending. Now, in addition

to V dc
g , a radio frequency (RF) voltage signal, Ṽ ac

g at frequency f , is also applied to

the gate. (In the rest of the chapter, we will adopt the following convention (unless

otherwise mentioned) - a quantity varying periodically over time will be denoted with

a ‘tilde’ (˜). The same notation without the ‘tilde’ will denote its amplitude. E.g.

Ṽ ac
g = V ac

g cos(2πft). This convention will be later extended to apply to time-varying

quantities like conductance, induced charge etc.) Ṽ ac
g will produce a driving force at

the same frequency and when the frequency f matches the natural resonant frequency

f0 of the resonator, it will oscillate with maximum amplitude.

For detection of the mechanical motion, a second ac voltage Ṽsd is applied to the

source electrode at a frequency f + ∆f (∆f ≪ f) slightly detuned from Ṽ ac
g . The

mechanical oscillation will change the conductance of the system at frequency f . This

results in a heterodyne mixing and the current through the device has the frequency

components f+∆f , 2f+∆f and ∆f . The low frequency (∆f) component of current

reflects the amplitude of mechanical motion and is known as the mixing current Imix.

When measured as a function of the frequency f of the driving force, Imix indicates the
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Chapter 2. Beam mechanics and the fundamentals of electromechanical resonators

resonant frequency of the device. This actuation and detection technique involving

two ac signals (one at source and the other at the gate) is referred to as the ‘two-

source mixing technique’. (Detailed discussions about heterodyne mixing in nanoscale

systems can be found in Ref. [55] in the context of single electron transistors and

Refs. [56] and [26] for carbon nanotube resonators.)

There is an alternate ‘one-source mixing technique’, which utilizes only one ac

signal. A frequency-modulated RF voltage (Ṽ FM
sd ) is applied at the source electrode.

This encodes the actuation and detection signals in the same RF signal. In the

following, both the ‘two source’ and ‘one source’ techniques will be discussed in detail.

As will be seen later in this thesis, the experiments on thin flakes of NbSe2 were

performed using the first method and the second method was used for measurements

on NbSe3 nanowires.

2.3.1 Two source mixing technique

The schematic diagram of the circuit used in the two-source mixing technique [56, 26]

is shown in Fig. 2.5. The gate voltage, V dc
g +Ṽ ac

g , produces a force on the resonator

which is related to the capacitance Cg between the nanowire and the gate. The motion

of the nanowire takes place in the ‘vertical’ z direction. The electrostatic energy is
1
2
Cg(V

dc
g +Ṽ ac

g )2. The force F on the nanowire is

F =
1

2

dCg

dz
(V dc

g + Ṽ ac
g )2 ,

≃ 1

2

dCg

dz
(V dc

g )2 +
dCg

dz
V dc
g Ṽ ac

g , (V dc
g ≫ Ṽ ac

g ) . (2.18)

In the above equation, the first term on the left, Fdc =
1
2

dCg

dz
(V dc

g )2, is the constant

force provided by the dc gate voltage. This produces a tension in the beam which

may increase its resonant frequency. The second term, F̃drive =
dCg

dz
V dc
g Ṽ ac

g , is the one

which provides the driving force. The oscillation amplitude, δz, will depend upon the

frequency f of F̃drive (and of Ṽ ac
g ) and will be maximum when this equals the natural

frequency f0.
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Figure 2.5: Schematic diagram of the circuit for the two source mixing technique.

We now turn our attention to analyzing the change in conductance G of the

vibrating resonator. G depends upon the total number of carriers q (=Cg(V
dc
g +

Ṽ ac
g )) induced by the gate voltage. As the nanowire oscillates, the capacitance Cg is

modulated and this leads to a modulation of the conductance.

δ̃G =
dG

dq
δ̃q ,

≃ dG

dq

(
dCg

dz
δ̃zV dc

g + CgṼ
ac
g

)
. (2.19)

The voltage at the source Ṽsd has a frequency (f +∆f), shifted from the driving

frequency by ∆f . The current through the device can be written as

(G0 + δ̃G)Ṽsd = G0Ṽsd(f +∆f) + δ̃G(f)Ṽsd(f +∆f) . (2.20)

G0 is the conductivity when the resonator is at rest. The second term in Eq. 2.20

can be expressed as
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Chapter 2. Beam mechanics and the fundamentals of electromechanical resonators

δ̃G(f)Ṽsd(f +∆f) = δG cos(2πft) Vsd cos
(
2π(f +∆f) t

)
,

=
1

2
δG Vsd cos

(
2π (2f +∆f) t

)
+

1

2
δG Vsd cos(2π∆f t) .

(2.21)

There is a component at the difference frequency ∆f , which is called the mixing

current Imix, and can be written as,

Imix =
1

2
δGVsd ,

=
1

2

dG

dq

(
dCg

dz
δ̃z V dc

g + Cg Ṽ
ac
g

)
Vsd . (2.22)

Imix is directly related to the amplitude of motion δz. Therefore, when the driving

frequency f is close to the resonant frequency of the device, the amplitude δz will

have a large change given by the Lorentzian response of Eq. 2.6 and Imix will show a

sharp change in this regime.

2.3.2 One source (FM) mixing technique

In the one source setup, [57] a frequency modulated (FM) signal Ṽ FM
sd is applied to

the source (Fig. 2.6). A dc voltage V dc
g is applied to the backgate, but there is no ac

voltage on the gate,

Ṽ FM
sd = V0 cos

(
2πft+

f∆
fr

sin(2πfrt)
)
. (2.23)

The phase of the signal is modulated slowly at a low frequency fr and f∆ is the

frequency deviation. The actuation of mechanical motion of the nanowire occurs in

a way similar to the one discussed for the two source setup in the previous section
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Figure 2.6: Schematic diagram of the circuit for the one source mixing technique.

(Sec. 2.3.1). In Eq. 2.18, the ac voltage Ṽ ac
g is applied on the gate. However, what

matters is the voltage difference between the nanowire and the gate. In the one source

technique, there is no RF voltage applied on the gate, but there is one on the source

which sets up the voltage difference. So, the principle of actuation is the same for

both the techniques.

To derive the expression for the low frequency component of current, we will

follow the analysis by Gouttenoire et al. [57] The current through the device I(Vsd, z)

depends upon the source-drain voltage Vsd and the displacement z of the centre of

the nanowire from the equilibrium position. We write down an expansion of I(Vsd, z)

about Vsd=0 (since we do not apply any constant dc source-drain voltage) and z = z0

(the equilibrium position of the nanowire bent due the application of V dc
g ). The time-

varying voltage applied at the source is denoted by V (t). The current can be written

as

I(V (t), z0 + δz) =
∂I

∂Vsd

(0, z0)V (t) +
∂I

∂z
(0, z0)δz(t)+

1

2

∂2I

∂V 2
sd

(0, z0)(V (t))2 +
∂2I

∂Vsd∂z
(0, z0)V (t)δz(t)+

1

2

∂2I

∂z2
(0, z0)(δz(t))

2 . (2.24)

We are interested in decomposing the current into its frequency components and
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Chapter 2. Beam mechanics and the fundamentals of electromechanical resonators

separating out the one which belongs to the low frequency fr. The second and fifth

(last) terms in the RHS of Eq. 2.24 are zero since there can be no current when

Vsd=0. The first term is non-zero, but gives rise to only a high frequency signal. The

sum of the remaining two terms, the third and fourth ones, will be refereed to as I ′,

I ′ =
1

2

∂2I

∂V 2
sd

(0, z0)(V (t))2 +
∂2I

∂Vsd∂z
(0, z0)V (t)δz(t) . (2.25)

The FM signal can be written down as a sum of many closely spaced frequency

components. Due to the non-linearities present in I ′, we obtain terms which are signals

at the difference frequency of two high frequency components. This heterodyne mixing

leads to the origin of low frequency components in the current. The decomposition

into a linear combination of ac signals is done using the Jacobi-Anger expression

Ṽ FM
sd (t) = V0

[
J0

(
f∆
fr

)
cos

(
2πft

)
+

∞∑
n=1

Jn

(
f∆
fr

){
cos

(
2π(f − nfr) t

)
+ (−1)n cos

(
2π(f + nfr) t

)}]
, (2.26)

where Jn is the nth Bessel function.

The first term in Eq. 2.25 can not give rise to a signal at frequency fr. It involves

(V (t))2. In Eq. 2.26, an fr term could originate from the cross-products of terms

(with a difference of fr in frequency), but all such contributions cancel each other.

We will now analyze the last term in Eq. 2.25. We rewrite the expression for the

FM signal (Eq. 5.1),

Ṽ FM
sd = V0 cos(Ω(t)) , (2.27)

Ω(t) = 2πft+
f∆
fr

sin(2πfrt) . (2.28)
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2.3. Nanoelectromechanical resonators

For small time interval ∆t, we can write Ω(t + ∆t) = Ω(t) + ∂Ω
∂t
∆t when ∆t is

smaller than the timescale of the oscillator Q/f0. Higher order terms and transients

are neglected for f ≫ f∆ and f0/Q ≫ fr. The phase of the frequency modulated

signal varies slowly and we assume that the oscillator is subjected at time t to a

frequency of

f ′ =
1

2π

∂Ω

∂t
= f + f∆ cos(2πfrt) . (2.29)

The last term in Eq. 2.25 now becomes ∂2I
∂z∂Vsd

V0 cos(2πf
′∆t+ Ω(t)) δz(t+∆t).

The phase term Ω(t) is treated to be constant over the small time interval under

consideration and δz(t) is displacement of the nanowire at time t when it is resonating.

Using the solution of the equation of motion of a driven harmonic oscillator (Eq. 2.4),

δz(t+∆t) = Re[z∗(f ′)] cos(2πf ′t+ Ω(t))

− Im[z∗(f ′)] sin(2πf ′t+ Ω(t)) . (2.30)

The low frequency ac component in I ′ originates from the term Re[z∗(f ′)].

Expanding Re[z∗(f ′)], we get,

Re[z∗(f ′)] = Re[z∗(f)] +
∂Re[z∗(f ′)]

∂f ′ |f ′=f f∆ cos(2πfrt) , (2.31)

∂Re[z∗(f ′)]

∂f ′ |f ′=f =
z0f

2
0

Q

2f(f 2 − f 2
0 − f 2

0 /Q)(f 2 − f 2
0 + f 2

0 /Q)

[(f 2 − f 2
0 )

2 + (ff0/Q)2]2
. (2.32)

From Eqs. 2.30 and 2.31, the mixing current at frequency fr comes out to be
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Imix =
1

2

∂2I

∂z∂Vsd

V0
∂Re[z∗(f ′)]

∂f ′ |f ′=f f∆ . (2.33)

The current I = GVsd (where G is the conductance of the device). The sec-

ond derivative term ∂2I
∂z∂Vsd

can be written in terms of the charge induced (q) on the

nanowire by V dc
g and the modulation of the capacitance due to mechanical oscillations,

∂2I

∂z∂Vsd

=
dG

dz
=

dG

dq

dCg

dz
V dc
g . (2.34)

Together with Eq. 2.33, we get the final expression for the mixing current at

frequency fr as

Imix =
dG

dq

dCg

dz

(
V dc
g V0

)(z0f
2
0

Q
f∆

)
f(f 2 − f 2

0 − f 2
0 /Q)(f 2 − f 2

0 + f 2
0 /Q)

[(f 2 − f 2
0 )

2 + (ff0/Q)2]2
. (2.35)

2.4 Dispersion of resonant frequency with gate volt-

age

The resonant frequency of a suspended nanowire is determined by the elastic modulus,

tension and its geometrical dimensions (see Eq. 2.17). Because of the actuation

technique used by us, the resonant frequency is also modified by the applied dc gate

voltage. V dc
g produces a transverse force Fdc = 1

2

dCg

dz
(V dc

g )2 leading to an increase

in tension. This will change the resonant frequency. Another subtle effect occurs

because of the gradient of the electric field. This alters the apparent ‘stiffness’ of the

electromechanical resonator.

The resonator is modeled as a simple harmonic oscillator connected to a spring

of stiffness k. We also incorporate the influence of the electric field experienced by

the nanowire. The restoring force on it will be −kδz, where δz is the displacement
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2.4. Dispersion of resonant frequency with gate voltage

of the centre of the nanowire from its equilibrium position (z = 0). The force due to

electric field experienced by the nanowire is expanded in powers of δz,

Fdc =
1

2

dCg

dz
(V dc

g )2 ≃ 1

2

dCg

dz
|z=0(V

dc
g )2 +

1

2

d2Cg

dz2
|z=0(V

dc
g )2δz . (2.36)

The second term is linear in δz and adds to the restoring force. This changes the

‘stiffness’ to an effective stiffness keff = k − 1
2

d2Cg

dz2
(V dc

g )2. Accordingly, the observed

resonant frequency f0 has a small dependence on the applied V dc
g ,

f0 = fn − α(V dc
g )2 , (2.37)

where fn is the natural resonant frequency and α (= 1
8π

√
mk

d2Cg

dz2
, m being the mass of

the resonator) is a parameter depending upon the device geometry.

If we take into account the tension induced by V dc
g , the effective spring constant

should be corrected as keff = k − 1
2

d2Cg

dz2
(V dc

g )2 + β(V dc
g )4, where β is a constant

parameter. (The tension has a (V dc
g )4 dependence. So the correction term in the

stiffness has a similar form.) At small V dc
g , only the (V dc

g )2 term is important (which

tends to reduce the resonant frequency). In our devices (to be discussed in later

chapters), we observe the trend of f0 decreasing upon an increase in the magnitude

of V dc
g . This phenomenon is called ‘negative dispersion’ of frequency. This indicates

that the (V dc
g )4 term (that would have led to an increase in f0 with an increase in

V dc
g ) is not important in our devices and will be ignored in the later analysis of our

results.
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Chapter 3

Charge density wave (CDW)

systems

3.1 The CDW phase transition

Charge density wave (CDW) is a type of electronic order that develops in an one-

dimensional metal (an one-dimensional lattice with a gas of free electrons). [2, 14] At

high temperature, the system is metallic (with a finite density of states at the Fermi

energy). Below a certain critical temperature Tc, it undergoes a phase transition

wherein an energy gap opens up at the Fermi surface. The electrons arrange to form

an ordered structure with the density varying sinusoidally over space (Fig. 3.1). The

lattice ions are displaced from their original positions, the amount of the shift being

a periodic function of position. Both the distortions of the lattice and the electron

gas are characterized by a periodicity of λCDW - the wavelength of the charge density

wave. It is typically of the order of a few lattice spacings.

In discussing the physics of the CDW transition, we will follow the analysis pre-

sented in Ref. [2] by Gruner. We begin with the topic of the response of an electron

gas to a spatially varying periodic potential. For an one-dimensional electron gas,

we represent the potential distribution as φ̃q(r), which is periodic with a wavelength

λ=2π/q. The subscript ‘q’ is the wave-vector characterizing the periodicity. The

induced electron density ρ̃q(r) will be redistributed to arrange itself with the same

24



3.1. The CDW phase transition

Lattice ion positions

Electron density

Figure 3.1: The periodic charge density wave. In the low temperature CDW phase,
the electron density varies in a wave-like pattern over space. The lattice ions are
displaced a little from the original configuration of a uniformly spaced lattice (as
occurs in the high temperature metallic phase).

periodicity q,

φ̃q(r) = φqe
iqr , (3.1)

ρ̃q(r) = ρqe
iqr . (3.2)

The amplitudes of the potential and charge modulation are related by the Lind-

hard response function χ(q), [2, 58]

ρq = χ(q)φq , (3.3)

χ(q) =

∫
dk

2π

fk − fk+q

ϵk − ϵk+q

. (3.4)

The integral in the above equation extends over the k-space, ϵk is the energy of

a state at wavevector k, and fk denotes the Fermi-Dirac distribution function. It is

found that the response function diverges when q=2kF . (kF is the Fermi wavevector).

(See Fig. 3.2) The reason behind this diverging behaviour at q=2kF can be understood

by looking at the contribution of the integrand in Eq. 3.4 for two points on the Fermi

surface.
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Figure 3.2: A sketch depicting the divergence of the response function χ(q) for q = 2kF
in an 1D electron gas.

An electron gas in 1D has a 1D k-space. The Fermi surface is essentially made up

of two points with wavevectors kF and -kF which correspond to the Fermi energy ϵF .

(See Fig. 3.3.) We take a point on the ϵk − k dispersion curve just below the Fermi

energy ϵF at k=−kF + δ. When q=2kF , the point at wavevector k+ q lies just above

ϵF at k=kF + δ. Looking at the integrand in Eq. 3.4, we see that the denominator

(ϵ−kF+δ − ϵkF+δ) is close to zero but the numerator is finite: (f−kF+δ − fkF+δ) ∼1.

There is negligible difference in energy but one state is occupied while the other is not.

The maximum contribution to χ(q) comes from points near the Fermi surface and this

leads to the diverging behaviour of the Lindhard response function for q=2kF . Even

a very weak potential of this particular periodicity can induce a large reordering of

the charge distribution. This implies that an 1D electron gas is intrinsically unstable

to a deformation with the wavelength π/kF .

Taking electron-phonon coupling in an one-dimensional metal into account, it is

found that the phonon modes are also renormalized due to the diverging behaviour of

the response function. The phonon frequency ωq at q = 2kF goes to zero (Fig. 3.4).

The analysis is done in Ref. [2] within a mean field framework, leading to,
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δ

δ

electron

hole

2kF

F- kF

+ kF
Fermi energy

k

Figure 3.3: The Fermi surface of an 1D electron gas. The maximum contribution to
χ(q = 2kF ) comes from points near the Fermi surface. (The Fermi surface of an 1D
electron gas is basically two Fermi points: -kF and +kF .) We take a point on the ϵk−k
dispersion curve very close to the Fermi wavevector -kF at -kF+δ. When translated
by a vector q = 2kF , it maps onto the point at kF+δ. This relates an ‘electron’ state
(occupied state just below Fermi energy) with a ‘hole’ state (unoccupied state just
above Fermi energy). These two points have the same energy but the Fermi-Dirac
function is different (1 for the first state and 0 for the second). This leads to the
diverging behaviour of the response function.

ωq (q = 2kF ) −→ 0 . (3.5)

This implies a distortion of the lattice without any time-dependent component.

The acoustic phonon frequencies of a lattice usually vary as a monotonically increasing

function of the wavevector. The renormalization near q = 2kF occurs due to the

interaction between electrons and phonons and leads to a ‘frozen-in’ lattice distortion.

The lattice atoms are displaced from their initial positions and there is an increase in

the size of the unit cell. The lattice ion positions are given by a ‘wave-like’ distortion

superposed on the regular lattice arrangement.

The modulations of charge density ρ(r) and the position R(n) of the nth lattice

ion can be written as,
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Figure 3.4: A sketch of the renormalization of phonon frequencies in an one-
dimensional metal due to the divergence of the Lindhard response function. At the
wavevector q = 2kF , the frequency ωq goes to zero.

ρ(r) = ρ0 + ρc cos(2kF r + ϕ) , (3.6)

R(n) = a n+ u cos(2kF r + ϕ) . (3.7)

In Eq. 3.6, ρc is the condensed charge modulation amplitude and ρ0 is the un-

condensed charge density. ϕ is a constant phase factor. In Eq. 3.7, a is the lattice

spacing in the normal metallic state and u is the ‘amplitude’ of the lattice distortion.

It can be shown that the total energy (considering both electronic and elastic parts)

of the CDW state is lesser than the energy of the undistorted lattice with a uniform

cloud of metallic electrons, implying that the CDW state is the stable low tempera-

ture ground state. [2] With the development of the CDW, an energy gap 2∆ opens

up at the Fermi surface and this makes the system an electrical insulator. The energy

gap is the order parameter of the phase transition, and in mean-field theory, varies

with temperature T with a critical exponent of 1/2,
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3.2. Quasi-one-dimensional materials

∆ ∼ (Tc − T )1/2 . (3.8)

The amplitude of charge modulation and lattice distortion are proportional to ∆

and these two quantities depend upon the order parameter as well,

ρc ∼ ∆ , (3.9)

u ∼ ∆ . (3.10)

3.2 Quasi-one-dimensional materials

In the previous section, the theory of the charge density wave phase transition was

described assuming that the system under consideration is an one dimensional metal.

Truly 1D materials do not exist in nature. So, in order to study the CDW transition,

one has to look for materials the structure of which can be approximately treated to be

1D. A few examples of such systems are K2Pt(CN)4Br0.3.3.2H2O (Krogmann’s salt),

TaS3, NbSe3 and K0.3MoO3 (blue bronze). These are known as quasi-1D materials.

The microscopic structure consists of linear chains of molecules with a weak inter-

chain coupling. Electrical conduction is highly anisotropic and direction-dependent.

Electrons conduct easily along the length of the chains but the resistance is higher

for conduction in the transverse direction, where the electrons have to hop from one

chain to another. Each of these chains behave like a quasi-1D metal, and in a simple

picture, each chain can be thought of as possessing a cloud of metallic electrons which

are confined to it. These materials constitute practical examples of charge density

wave systems. The CDW transition can be observed by a number of methods like

performing electrical transport measurements,[59] scanning tunneling microscopy [60]

and x-ray scattering [61] to name a very few.

There is a subtle issue regarding the existence of CDWs. Our discussion on the

CDW phenomenon is based on a mean-field treatment. [2] Mean-field theory predicts
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Figure 3.5: Charge ordering in the transverse direction perpendicular to the chains
of a quasi-one-dimensional system. A charge density wave along one chain leads to
alternating regions of high (red) and low (blue) electron density (indicated by ‘-’ and
‘+’ respectively). To minimize the Coulomb energy cost, the CDWs arrange in such
a way that regions of high charge in two neighbouring chains are far away from each
other. This also leads to charge ordering in the transverse direction with a wavelength
of 2dt, where dt is the interchain distance.

a finite critical temperature (Tc) for a phase transition in an one-dimensional system.

However, it is known that the ordered phase becomes unstable when fluctuations of

the order parameter are taken into account and a phase transition can not occur in

a strictly one-dimensional system. Therefore, it may appear surprising that charge

density waves are seen in nature at all. The situation is resolved by considering that

actual materials are not strictly 1D but quasi-1D. The weak Coulomb interaction

between the neighbouring chains has to be taken into account. A CDW along one

chain will lead to alternating ‘crests’ and ‘troughs’ of electron density. The CDWs

along two neighbouring chains will adjust themselves so that the ‘crest’ of electron

density on one chain is shifted away from the ‘crest’ on the next chain. (See Fig. 3.5.)

This minimizes the Coulomb energy. Because of the additional condition imposed by

the Coulomb energy cost for interaction between neighbouring chains, the fluctuations

of the order parameter are reduced and the charge ordered phase is stabilized. [2] This

leads to a stable charge density wave. Charge ordering actually occurs in all three

directions, with the wavelength in the transverse direction being twice the interchain

distance. Now that the CDW phase is stabilized due to the weak interchain coupling

in quasi-1D materials, the results obtained using mean field theory can be applied.
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Figure 3.6: The crystal structure of NbSe3. (Left) The unit cell consists of three types
of chains. Each chain is made up of prisms stacked on top of each other. The chains
are staggered by half of the unit cell height. (Right) The structure of the unit cell
along the a-c plane (perpendicular to the chain direction). Nb atoms are indicated
by blue circles and Se by red. Solid circles represent atoms in the same plane. Open
circles represent atoms which lie above in a plane at a distance of half the unit-cell
height. (Ref: Gammie et al., Physical Review B 40, 9529 (1989).)

3.3 CDW in quasi-one-dimensional system NbSe3

The quasi 1D CDW system to be studied in this thesis is NbSe3. This is a linear

chain compound with a trigonal prismatic structure. (See Fig. 3.6.) This belongs

to a broader class of compounds known as transition metal trichalcogenides (MX3).

[2] Each chain is made up of triangular prisms of MX6 units. The central atom is

the transition metal (in this case Nb) which is bonded to six neighbouring chalcogen

(Se) atoms. The coordination number of Nb is 8 because it is bonded to two more

Se atoms from neighbouring chains. The direction of the chains is called the b axis.

The crystals grow in the form of whiskers with the length along the b axis. The

resistivity measurement shows two CDW transitions at temperatures Tc1 and Tc2 (Fig.

3.7a). The unit cell of NbSe3 has three types of chains, demarcated by the outer Se-Se

bond strength and the distance between the Se atoms. [15] The chains are labeled I,

II and III with the bond lengths being 2.49, 2.91 and 2.37 Å respectively. Chain III

with the shortest bond length undergoes the Tc1 transition and chain I undergoes the

Tc2 transition. Chain II remains metallic even at low temperatures. At each CDW

transition, an energy gap opens up at the Fermi level of the electron spectrum and the
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Figure 3.7: Electrical transport measurements on NbSe3 nanowires. (a) Resistance
as a function of temperature shows two ‘peaks’ corresponding to the two CDW tran-
sitions at temperatures Tc1 and Tc2. (b) It is observed in measurements of differential
resistance (dV/dI) as a function of dc current through a nanowire that dV/dI drops
sharply when the CDW depins from the lattice.

resistance increases upon reduction of the temperature. However, there are chains

which are still metallic (chains I and II below Tc1, and chain II below Tc2) which

dominate the conductance and the resistance drops down on cooling down further

below the transition temperature. This explains the ‘peaks’ in the resistance plot.

The onset of the CDW transition is given by the temperature at which the resistance

starts to increase (due to the opening up of the energy gap), in the direction of cooling

from high to low temperatures.

3.4 Sliding of the CDW

The opening up of the energy gap in the low temperature CDW phase makes the

system insulating. A fraction of the electrons drop into the CDW condensate and are

removed from the conducting channel. The resistance increases below Tc. The CDW

is pinned to the lattice by impurities and remains ‘static’. However, under a large

enough applied electric field, it can depin from the lattice and start sliding to take

part in conduction. [20]

CDWs in which the wavelength is an integral multiple of the lattice spacing are

known as commensurate, and when it is not so the CDW is called incommensurate. In
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Figure 3.8: Model of the ‘tilted washboard’ potential to describe the sliding of a
CDW.

the commensurate case, the CDW is always locked to the lattice and does not depin.

The sliding motion described above happens only in incommensurate CDWs. In this

thesis, we will be concerned with the CDW in NbSe3, which has an incommensurate

CDW [61] and shows sliding mode conductivity.

In Fig. 3.7b, the differential resistance of an NbSe3 nanowire is plotted as a

function of the dc current. The dc current Idc is equivalent to an electric field of

IdcR/L. (R is the resistance and L is the length of the nanowire.) The differential

resistance is given by dV/dI, where V is the voltage drop across the nanowire and

I is the current through it. At a dc current of ∼ 2.5 µA, the differential resistance

drops sharply. This is a signature that the electric field has exceeded the depinning

threshold and the CDW slides beyond this field.

Gruner, Zawadowski and Chaikin proposed a simple model to describe the sliding

motion of a CDW. [21] The CDW is assumed to be a rigid object trapped in a

washboard potential (set up by the impurities and pinning centres) and not able to

move (Fig. 3.8). When an electric field ε is applied, the potential is tilted and when

the applied field exceeds a threshold εth, the tilt is sufficient to allow the CDW to slide.

This model explains some of the observed effects related to the sliding motion of a
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CDW. However, it is too simplistic to be applied to more complex cases - for example

the change of the depinning field upon reducing the thickness of the crystal. For this,

a more elaborate approach is required and that is provided by the Fukuyama-Lee-Rice

(FLR) model. [16, 17, 22]

Charge ordering occurs in all three dimensions and Eq. 3.6 in three dimensions is

written as,

ρ(r⃗) = ρ0 + ρc cos(Q⃗ · r⃗ + ϕ) , (3.11)

where Q⃗ is the CDW wave-vector. Ideally, the charge distribution of an undis-

turbed CDW should be represented by the above equation with a constant phase

term. But the presence of defects and pinning centres leads to deformation of the

CDW by causing local distortions of the charge density. In this situation, the phase

ϕ of the CDW can no longer be considered to be a constant. Small changes in phase

will occur due to the impurity potentials and ϕ will vary over space. The deformation

of the CDW phase is governed by the following Hamiltonian,

H =
1

2
K

∫ (
∇⃗ϕ)2 dr⃗ + V0 ρc

∑
i

cos
(
2Q⃗ · R⃗i + ϕ(R⃗i)

)
+

∫
ρeff ε ϕ

Q
dr⃗ . (3.12)

The terms of the Hamiltonian take into account all the factors that can lead to

a distortion of the CDW - V0 is the pinning potential, R⃗i is the position of the ith

impurity site, K is the elastic force constant, ε is the electric field and ρeff is an

effective condensed charge density. The first term represents the elastic restoring

force that opposes any CDW deformation and change in ϕ. The second term takes

care of the interaction of the CDW with impurity sites. The last term is the energy

due to the coupling between the CDW and an applied electric field. The above

approach brings the idea of a characteristic length scale into the picture - the phase

coherence length lϕ. This is the lengthscale over which the distortion of the CDW

becomes prominent and a change of the order of π takes place in the CDW phase.

The CDW can be treated as a coherent unit for distances less than lϕ. The estimate

of lϕ depends upon the concentration of impurity pinning sites and it emerges that
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Figure 3.9: A sketch showing that the Lindhard response function has a divergence
for an electron gas in 1D, but not in 2D and 3D.

the threshold electric field for depinning, εth, scales inversely with the thickness of the

crystal. The results are arrived at by minimizing the energy of one phase-coherent

volume of the CDW. [22] If ‘t’ is the thickness of a crystal, then,

εth ∝ 1/t, t < lϕ . (3.13)

If both the width ‘w’ and thickness ‘t’ are less than lϕ,

εth ∝ 1/(wt)2/3, w, t < lϕ . (3.14)

εth increases as the transverse dimensions of the crystal are reduced. The phase

coherence length along the chain direction is typically quite large - a few micrometers.

[2] In anisotropic materials (like NbSe3), lϕ is different along different directions and

is reported to be of the order of 1 µm in the transverse direction (perpendicular to

the chains) by Slot et al. [22]
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3.5 CDW in quasi-two-dimensional system NbSe2

The existence of a charge density wave is theoretically predicted for systems with

an one dimensional electronic structure. The Lindhard response function can be

generalized for d dimensions as,

χ(q⃗) =

∫
dk⃗

(2π)d
fk⃗ − fk⃗+q⃗

ϵk⃗ − ϵk⃗+q⃗

. (3.15)

Unlike in 1D, there is no divergence of χ(q⃗) for any value of q⃗ in 2D and 3D (Fig.

3.9). Thus, a charge density wave is not expected to exist in dimensions higher than

one. In Sec. 3.1, it was discussed that in 1D there is a ‘special’ wavevector (q = 2kF )

at which χ(q⃗) diverges, because this wavevector connects two points on the Fermi

surface. The wavevector 2k⃗F is called the ‘nesting’ vector. However, in dimensions

higher than one, perfect ‘nesting’ can not occur. For d > 1, due to the topology of

the Fermi surface, there is no ‘unique’ wavevector which can map a segment of the

Fermi surface to another segment on it. Consequently, χ(q⃗) has no divergence and a

CDW transition is not expected in 2D and 3D.

However, CDWs have been experimentally observed in quasi 2D systems [62] and

there has been a great amount work in this direction. Quasi-two-dimensional crystals

are composed of ‘planar sheets’ of atoms stacked on top of each other with a weak

interlayer coupling. NbSe2 is one such material. It has a layered hexagonal structure.

[63, 64] Each layer of NbSe2 consists of two sheets of Se atoms with a layer of Nb

atoms in between. The unit cell repeats after two such Se-Nb-Se layers along the

anisotropic axis. (This is the 2H polytype of NbSe2.) (See Fig. 3.10.)

Unlike NbSe3, the features of the CDW transition seen in the electrical transport

properties of NbSe2 are relatively feeble. Only a small fraction of electrons take

part in the CDW formation in NbSe2. Most of the electrons belong to the ‘metallic’

part of the Fermi surface. It has a superconducting transition at 7.2 K. Electrical

transport measurements of resistance as a function of temperature show a very feeble

‘hump’ around 35 K (Fig. 3.11). This corresponds to the CDW transition. NbSe2
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Figure 3.10: The layered crystal structure of NbSe2. (Left) View from the top of one
layer. (Right) The layers of NbSe2 are stacked on top of each other and are weakly
coupled. The direction perpendicular to the layers is the anisotropy axis.

is a very interesting compound from two aspects - it has a CDW despite having

a quasi 2D structure and it shows superconductivity. The mechanism behind the

CDW transition in NbSe2 has been a matter of great debate for decades. Opinion has

been divided about whether Fermi surface nesting is a possible cause or not. Rice and

Scott [65] proposed that a CDW could be formed due to ‘saddle points’ in momentum

space in close proximity of the Fermi surface and separated by the CDW wavevector.

Johannes et al. [66] suggested on the basis of density functional calculations that

Fermi surface nesting can be ruled out altogether. Experiments using angle-resolved

photoemission spectroscopy (ARPES) have thrown new light on the problem in recent

years. Borisenko et al. [67] have reported the observation of an energy gap at the

Fermi surface, which is expected in the conventional picture of CDW formation and

supports a nesting mechanism. The regions of the Fermi surface where the gap opens

up are connected by the CDW wavevector. According to the ARPES data, the nested

portions of the Fermi surface do not participate in superconductivity (that appears

below 7.2 K).
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Figure 3.11: Resistance as a function of temperature of an NbSe2 flake. The CDW
transition manifests itself as a feeble and broad peak around 35 K (indicated by the
dashed line).

3.6 Elastic modulus measurements across the CDW

transition in bulk NbSe2 and NbSe3

We will present here a recapitulation of measurements of the elastic modulus of NbSe2

and NbSe3 in macroscopic crystals as reported in earlier literature. Measurements on

bulk samples have been done (Barmatz, Testardi and DiSalvo (NbSe2), [23] Brill and

Ong (NbSe3) [24]) using the vibrating reed technique. In this method, the crystal to

be studied is taken in the form a reed (a cantilever clamped at one end) and excited

into oscillations by capacitive actuation. The vibrations are read off by an electrical

signal and the resonant frequency is determined. This indicates the elastic modulus

of the material.

3.6.1 NbSe2

In their experiments with NbSe2, Barmatz et al. [23] observed a monotonic increase

in the elastic modulus E on cooling it down from high to low temperatures. There

is a local minimum in the value of E - a ‘dip’ at 29.8 K. This is related to the CDW

transition. The critical temperature (Tc) of the transition obtained from neutron

scattering experiments is 33.5 K. [62] The minimum in the elastic modulus occurs a
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little below Tc. The ‘dip’ corresponds to a relative change of △E/E(29.8K) = 0.2%.

The typical dimensions of the crystals used were ∼ 10 mm length, ∼ 1 mm width

and ∼ 100 µm thickness. The resonant frequencies were of the order of 1 kHz. The

elastic modulus at room temperature is reported to be 180 GPa.

3.6.2 NbSe3

Brill et al. reported vibrating reed experiments on NbSe3. [24] This material has

two CDW transitions and the critical temperatures for the bulk samples were 142

K (Tc1) and 58 K (Tc2). The general trend of the variation of E with temperature

T is similar to NbSe2 - there is a monotonic increase in E as T reduces. The Tc1

transition is accompanied by a ‘dip’ in elastic modulus. The relative change is small.

△E/E(142K) = 0.09%. The CDW transition at Tc2 does not show any measurable

change in E. From the level of uncertainty in the measurements, the authors estimate

that the relative change of elastic modulus at the Tc2 transition can not exceed 0.01%.

The NbSe3 crystals used for the experiments had a typical length of a few mm,

width of 50-100 µm and thickness of a few micrometres. The elastic modulus values

were very much sample dependent, ranging between 150±100 GPa and 550±280 GPa.

The discrepancy between the values for different samples have been attributed to

errors arising from the failure to obtain rigid clamps and deformations of the sample

geometry during mounting. The resonant frequencies of the vibrating NbSe3 reeds

were in the range of 0.1-1.7 kHz.
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Chapter 4

Experiments with NbSe2

This chapter describes experiments with nanomechanical resonators of NbSe2. Due

to its layered structure, thin flakes can be obtained from the crystal by mechanical

exfoliation. These were used to fabricate suspended devices and mechanical resonance

measurements were done on them. This provides information about the influence of

the CDW phase transition on the elastic modulus. We will discuss the details of

device fabrication, measurement and analysis. The experimental results presented in

this chapter have been published in Physical Review B 82, 155432 (2010).

4.1 Fabrication of resonator devices

4.1.1 Mechanical exfoliation of NbSe2

Mechanical exfoliation of NbSe2 crystals are performed by repeated peeling with a

scotch tape. [68, 52] The crystals have an appearance like flat platelets with length

and width of a few millimetres. (These were grown in the laboratory of Prof. Bruce

Parkinson at the Colorado State University.) One such crystal is stuck on a scotch

tape and the tape is folded onto itself (so that one half of the tape sticks to the other

half) and then separated. Due to its layered structure, NbSe2 peels off easily in the

form of thinner patches that adhere to the scotch tape. On repeating this process

multiple times, a number of patches are formed on the tape and the thickness keeps
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Figure 4.1: NbSe2 flakes in different stages of device fabrication. (a) Bulk crystals of
NbSe2 are shown alongside a coin for comparison of the size. (b) Repeated peeling
with a scotch tape exfoliates the crystal into smaller ‘patches’. (c), (d) NbSe2 flakes
(deposited on a Si wafer coated with 300 nm of SiO2) are visible under the optical
microscope and the colour changes with the thickness. (e) An optical microscope
image shows metallic electrodes connected to an NbSe2 flake. (f), (g), (h) Scanning
electron microscope (SEM) images show the side and top views of suspended NbSe2
resonator devices.
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reducing at each step. (See Fig. 4.1.) A piece of Si wafer is taken and the scotch tape

is stuck on top. Upon removing the tape, some of the thin NbSe2 gets transferred

onto the chip. NbSe2 flakes of varying thicknesses are now scattered all over the

chip. These are visible under the optical microscope. The coordinates of the flakes

considered suitable for device fabrication are chosen and electrodes are patterned on

them using electron beam lithography to make electrical contacts. Images of the

exfoliation technique and the appearance of NbSe2 under the optical microscope are

shown in Fig. 4.1.

4.1.2 Making electrical contacts

NbSe2 is a metallic compound and most of the flakes look shiny under the micro-

scope. The relatively thinner ones (thickness less than 50 nm) have a green or deep

blue appearance. The colour of the substrate (300 nm SiO2 on Si) is light purple.

Atomically thin flakes have a faint contrast with the background and appear in dif-

ferent shades of purple. We used flakes of thicknesses in the range of 30-100 nm for

device fabrication. These are typically 2-5 µm in length and 1-2 µm in width. (The

dimensions were determined from scanning electron microscope (SEM) images. See

Fig. 4.1.)

A polymer electron beam resist is spun on the chip. First, two layers of EL-9

(copolymerized methyl-methacrylate in ethyl lactate (EL) solvent) are deposited fol-

lowed by one layer each of PMMA 495 (poly methyl-methacrylate (PMMA) dissolved

in chlorobenzene) and PMMA 950. This makes a uniform coating of a few hundred

nanometres. The sample is loaded in the scanning electron microscope (SEM) and

electron beam lithography (EBL) is performed on it. The entire process is illustrated

in Fig. 4.2 The sample surface is selectively exposed to the electron beam which

breaks up the longer polymer units into shorter lengths. The shorter polymers can

be removed by placing the chip is a developer solution of MIBK (methyl isobutyl

ketone). The electron beam exposure is done in a way that it develops patterns in

the form of electrodes. (One end of an electrode ends in a thin line that overlaps

with the NbSe2 flake to serve as an electrical contact. The other end is big to enable

making contacts with an external circuit. The layout of the electrodes is done using a

computer aided design (CAD) software.) After developing in MIBK, the resist layer
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Figure 4.2: Fabrication of devices using electron beam lithography and sputtering. A
polymer resist is coated on the chip and exposed to the electron beam in a scanning
electron microscope (SEM). After development, the electrodes are patterned into the
resist. Metal (Cr and Au) is deposited using a sputter system and finally, the layer
of resist is removed with acetone. This completes the procedure of making electrical
contacts.

43



Chapter 4. Experiments with NbSe2

is left with ‘furrows’ that leave the substrate and the overlap area with the NbSe2

flake uncovered. The last step involves deposition of metal. This is done inside a

magnetron DC sputtering chamber. Before deposition of metal, the surface of the

chip is cleaned in Ar plasma for achieving lower contact resistance. This is an im-

portant step because NbSe2 gets oxidized on exposure to air. The plasma cleaning

step removes the oxide layer and resist residue. Then, without breaking the vacuum,

approximately 400 nm of Cr/Au (150 nm of Cr and 250 nm of Au) is deposited by

sputtering. In portions of the chip where exposure had been done by EBL, the metal

goes in and adheres and the electrodes are made. In the remaining places, the metal

film gets deposited on the polymer and does not see the surface of the chip. This

unwanted layer is removed by putting the chip in acetone - a process referred to as lift

off in literature. Acetone dissolves the resist layer and along with it, the Cr/Au lying

on top is removed. This leaves behind the clear substrate with the NbSe2 flakes con-

tacted by Cr/Au electrodes. This completes the procedure of establishing electrical

contacts.

4.1.3 Making the device suspended

On-substrate devices with metallic electrodes are suspended by partial etching of

SiO2 in buffered HF (BHF) solution (Sigma Aldrich part no.:AF-875-125 NH4F.HF

etching mixture). The process is illustrated in Fig. 4.3. [69, 70] A resist coating is

spun on the chip and a small window is opened around the NbSe2 flake using electron

beam lithography. It is then dipped in the BHF solution and left for approximately 9

minutes. (The BHF solution is prepared by diluting NH4F.HF etching mixture in 1:6

ratio in deionized water.) BHF etches the SiO2 in the region where the window has

been opened up in the resist layer. The remainder of the chip is protected by the resist.

The solution creeps sideways under the NbSe2 flake and removes the SiO2 beneath

it. This makes the flake suspended. The total depth of SiO2 removed by etching is

roughly 180 nm. The sample is then rinsed in deionized water and transferred to a

beaker containing acetone. The acetone removes the resist layer completely. Care is

taken to ensure that the transferring from one liquid to another is done quickly, so

that the chip does not dry in air. (The process of drying will lead to force on the

chip due to surface tension (when the liquid disappears) that can make it break or
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collapse.)

The final step of drying the chip (by taking it out of acetone) is done by a method

called critical point drying (CPD). The chip is transferred from acetone to isopropyl

alcohol (IPA) inside the CPD chamber. The CPD chamber is closed and CO2 is let in

at high pressure. Liquid CO2 condenses inside. The IPA is slowly drained out though

an outlet and is replaced by liquid CO2 in the chamber. The chip thus sees the liquid

environment changing gradually from IPA to CO2. When all the IPA is removed and

the chip is immersed completely in CO2, the temperature of the chamber is increased

maintaining the high pressure inside. The CO2 liquid is heated from the liquid to the

gaseous phase in such a way that it does not cross the liquid-gas coexistence curve

in the pressure-temperature (P − T ) phase diagram. The system is taken from one

phase to another around the critical point (P=73.8 bar, T=31.1 oC) that marks the

end of the coexistence curve on the phase diagram. The liquid-gas transition is not

accompanied by an abrupt change in density and there is no meniscus which forms

in the process between the two media. As a result, the NbSe2 flake is not disturbed

by surface tension forces. Finally, the CO2 gas is let out very slowly at the high

temperature above 31.1 oC and the sample is taken out in air. Having discussed the

fabrication of suspended devices, we now discuss the electromechanical measurements

in the next section.

4.2 Resonance measurements on suspended NbSe2

devices

We have worked with two-probe devices of NbSe2. The resistance as a function of

temperature of a device has been shown in Fig. 3.11 in Sec. 3.5. The contact

resistance of these devices are typically a few hundred Ohms. The thickness of the

flakes used range between 30-100 nm. Some devices were also made with much thinner

flakes (thickness less than 10 nm), but these turned out to be insulating. One possible

reason for the failure of devices made from very thin flakes may be the rapid oxidation

on exposure to air.

Resonance measurements on the two probe suspended devices were carried out
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Figure 4.3: The process of making a device suspended. A resist layer is coated on
the chip (after the fabrication of electrodes is over). Electron beam lithography is
done to open an ‘etch window’ and the chip is placed in a buffered HF solution. The
SiO2 underneath the device is etched away. Acetone is used to remove the resist
and critical point drying (CPD) is used to dry the chip and take it out in ambient
atmosphere.
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Figure 4.4: Detailed circuit for the two-source heterodyne mixing technique for prob-
ing electromechanical properties.

using the two source heterodyne mixing technique outlined in Sec. 2.3.1. The circuit

for the implementation is shown in Fig. 4.4. The 50 Ω impedances at the source

and gate terminals are meant to serve as matching impedances for drawing maximum

power from the RF signal generators. The RF voltage Ṽ ac
g (at frequency f) and dc

voltage V dc
g are combined through a bias-tee and provided to the gate. The outputs

of the signal generators providing Ṽsd (at frequency f +∆f) and Ṽ ac
g are provided to

the device through couplers. In each coupler, a branching of the incoming signal takes

place - a signal at a low power is diverted to a mixer and the rest is provided to the

device. The mixer receives two signals, at the frequencies of Ṽ ac
g and Ṽsd, produces an

output that results from the multiplication of the two ac frequencies and sends it to

the ‘reference’ port of the lock-in amplifier. This signal is filtered through a low pass

filter that allows the low frequency △f component to go through. The lock-in thus

receives a reference signal at frequency △f and measures this particular component

of the current passing through the resonator device (and applied to its measuring

port).

A curve showing device resonance is presented in Fig. 4.5a. This shows the
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Figure 4.5: Electromechanics of NbSe2 resonators. (a) The mixing current (Imix) is
plotted as a function of driving frequency (f). The resonant frequency is indicated
by the peak at 23.9 MHz. The measurement was done at 10 K temperature with
V dc
g =32 V and ∆f=12 kHz. The resonance has a Q of 215. (b) The colourscale plot

of Imix as a function of both frequency and DC gate voltage V dc
g shows the dispersion

of resonant frequency with V dc
g .

48



4.2. Resonance measurements on suspended NbSe2 devices

mixing current plotted as a function of driving frequency. There is a peak in Imix at

frequency of 23.9 MHz, which indicates the resonant frequency f0 of the device. The

lineshape of Imix as a function of driving frequency f is given by Eq. 2.22 where the

amplitude of oscillation is expected to have a Lorentzian response with frequency. A

modification has to be done in the expression for fitting actual data from devices.

The first term in Eq. 2.22 arises from the change in conductance for the modulation

of capacitance by mechanical motion. The second term comes from the change in

conductance due to the ac voltages applied between the gate and the contacts. The

true voltage drop across the NbSe2 flake will depend upon the contact impedances

(resistive and capacitive) present in the device. This leads to a phase shift between

the two terms. The expression of the measured mixing current should be written with

an arbitrary phase term ∆ϕ originating from the contact impedances, [56, 55]

Imix =
1

2

dG

dq

(
dCg

dz
V dc
g

z0
Q

cos
(
∆ϕ+ arctan(

f2
0−f2

ff0/Q
)
)√(

1−
(

f
f0

)2)2
+
(f/f0

Q

)2 + Cg Ṽ
ac
g

)
Ṽsd , (4.1)

where Cg is the gate capacitance, z0 is the amplitude of vibration at resonant

frequency f0 and Q is the quality factor.

The fitting function is taken to be

I ′mix = A + Bf + H
cos

(
∆ϕ+ arctan(

f2
0−f2

ff0/Q
)
)√(

1−
(

f
f0

)2)2
+
(
f/f0
Q

)2 , (4.2)

where A is the a uniform background, B is the slope and H is the height of the

mixing current peak above the background. The fit parameters are A, B, H, f0, Q

and ∆ϕ. By comparing Eqs. 4.1 and 4.2, it can be noted that H is proportional to

the transconductance dG
dq
.
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Chapter 4. Experiments with NbSe2

4.3 Frequency-gate voltage dispersion plot

The resonance data for Fig. 4.5a was acquired with V dc
g set at a fixed value. The

similar measurement, when repeated at different values of V dc
g , shows the variation of

the resonant frequency f0 with gate voltage. Fig. 4.5b is the frequency-gate dispersion

plot (f0 as a function of V dc
g ). When the device resonates, the mixing current changes

sharply. This traces out the curve in the shape of an ‘inverted parabola’ indicating

how the frequency f0 varies with V dc
g . The curve is symmetric on either side of V dc

g =0

and decreases as the magnitude of V dc
g is increased. This variation of f0 is caused by

the gradient of the electric field and has been discussed in Sec. 2.4.

Another feature to note is that the curve becomes faint near V dc
g =0. This occurs

because the driving force vanishes at this point and the NbSe2 flake does not oscillate.

(See Sec. 2.3 for discussion.) The change of f0 with V dc
g and the disappearance of the

resonance signal at zero dc gate voltage are important signatures which confirm that

the observed features are arising out of device resonance and are not any spurious

signals coming from circuit resonance or some other form of artefact.

4.4 Measurement of elastic modulus across the CDW

transition

The change in elastic modulus across the charge density wave (CDW) phase transition

is determined by tracking the resonant frequency of the suspended NbSe2 device with

temperature. These experiments are carried out in a He flow cryostat. The dc gate

voltage is fixed at a particular value at which resonance is clearly detectable at low

temperature (when the system is in the CDW phase). The sample is then gradually

heated to much above the CDW transition temperature, the resonant frequency being

continuously monitored. The change in the elastic modulus is read off from the

resonant frequency data. Fig. 4.6a shows the data from one such measurement. This

device will be referred to as Device 1. Thickness of this NbSe2 flake is 35 nm.

The colour indicates Imix as a function of driving frequency (vertical axis) as the

temperature (horizontal axis) is increased starting from 10 K. The curve traced out
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4.4. Measurement of elastic modulus across the CDW transition
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Figure 4.6: Electromechanical measurements across the phase transition. (a) The
colour indicates mixing current, Imix, measured as a function of driving frequency f
over a range of temperatures across the CDW transition. (This is data from Device
1.). Above 29 K, the resonant frequency increases sharply. An abrupt change (dashed
circle) is also seen at 18 K. (V dc

g = 42 V, ∆f = 6 kHz). (b) The plot shows the reso-
nance feature at two different temperatures (marked by dashed lines in the colourscale
plot, below and above the CDW transition temperature.) (c) The transconductance
dG
dq

(arbitrary units) varies with temperature and reduces near the CDW transition.
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Chapter 4. Experiments with NbSe2

by the positions of the sharp change in mixing current trace out the change in f0 with

T . The curve also shows the change of elastic modulus E with T , keeping in mind

that E ∝ (fn)
2 (see Eq. 2.17, fn is the natural frequency of the suspended device).

Between 29 - 41 K, there is a large increase in f0 by more than 2 MHz (indicating

that E undergoes a large change too). This occurs in the vicinity of the temperature

where the CDW transition takes place (∼35 K).

The relative change in elastic modulus is estimated by the quantity△E/E0, where

E0 is the elastic modulus at a temperature just before the increase in f0 takes place.

(This is 29 K in our case.) To estimate the elastic modulus from the value of f0, we

need to keep in mind that the observed resonant frequency is slightly shifted from

the natural frequency fn due to a finite V dc
g . fn is calculated by adding a correction

factor c = 1
8π

√
mk

d2C
dz2

(V dc
g )2 (m is the mass and k is the stiffness of the resonator). See

Sec. 2.4 for a discussion. This is a small correction, but needs to be incorporated

when exact estimates are being calculated.

We denote the observed resonant frequency at a temperature just before it starts

to increase as f0,L, and at the temperature when it has just reached the maximum

value as f0,H . Thus, the relative change in elastic modulus is given by

△E

E0

=

(
f0,H + c

f0,L + c

)2

− 1 . (4.3)

The factor c is determined from the frequency-gate dispersion plot, by the shift

in f0 for the value of V dc
g used in the temperature scan with respect to the value for

V dc
g =0. This is 3.0 MHz for Device 1. We get an estimate of △E

E0
= 10.4 ± 0.9%.

This is a large change in the elastic modulus. In their vibrating reed study on bulk

crystals, [23] Barmatz et al. reported only a 0.2% change in elastic modulus E.

In the above discussion, it had been assumed that E ∝ (fn)
2. This needs some

justification. When devices are fabricated at room temperature, the tension is neg-

ligible. Ideally, we should have τ=0. As the device is cooled down, the metallic

electrodes contract. This pulls on the NbSe2 flake and a strain ε develops in the

device. ε = τ
ES

, where S is the cross-sectional area. At very low temperatures, the
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4.4. Measurement of elastic modulus across the CDW transition

strain (and tension) can be large and the natural resonant frequency will be given

by Eq. 2.17 for the high tension case. The strain is defined by the geometry of the

device. We define ‘D’ as the distance between the source and drain electrodes and

L0 as the intrinsic length of the NbSe2 flake in the ‘unstretched’ condition at a par-

ticular temperature. The strain is ε = D−L0

L0
. Since the NbSe2 flake is held between

the electrodes which undergo a contraction upon cooling, and NbSe2 has a positive

thermal expansion coefficient, [71] ε increases as the device is cooled. We rewrite Eq.

2.17 [54] in terms of the strain,

fn =

√
EI

ρS
(
1

2L

√
ε
S

I
+

1

L2
) , (4.4)

where I is the moment of inertia, ρ is the mass density and L is the length of the

resonator. However, in our analysis, we have ignored any dependence of fn upon ε and

taken only the E-dependence into account (fn ∝
√
E). The reason is discussed next.

Following the argument presented above, when the device is heated up starting at a

temperature of 10 K (as in the data of Fig. 4.6a), the electrodes expand and ε should

reduce. Therefore, the strain would try to reduce fn (and the observed resonant

frequency f0). However, after 29 K, we see an increase in f0, which is opposite of

what should happen if the strain had been important. Therefore, we conclude that

any effect of the strain can be ignored when estimating E from f0. In fact, if the

strain is taken into account, we would get an estimate of △E
E0

that is higher than what

we have mentioned. So, the number we have calculated for the relative change in

elastic modulus is actually a conservative estimate.

The resonance of the device is much more prominent in the CDW state than in

the normal state after the transition takes place. The change in Imix is easily distin-

guishable against the background below 29 K, but fades out at higher temperatures.

This is clearly shown by two lineplots in Fig. 4.6b (corresponding to the dashed lines

in the colourscale plot Fig. 4.6a). The ‘peak’ in Imix during the resonance is very

sharp at 28 K, but has almost disappeared at 40 K. This is due to a large reduction

in the transconductance dG
dq

with an increase in temperature. It can be noted that the

‘position’ of the peak in the ‘Imix vs. f ’ curve depends upon the mechanical resonant

frequency, and the height of the peak above the background (given by ‘H’ in Eq.
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Chapter 4. Experiments with NbSe2

4.2) depends upon the transconductance dG
dq
. The transconductance is the change in

conductance per unit induced charge. This is expected to be high for a semiconduc-

tor compared to metal. Conductance is directly related to the density of states at

the Fermi energy. With the introduction of new carriers, the shift in Fermi energy

and the corresponding density of states should be much less appreciable in a metal.

It is possible that in the CDW state, the major contribution to dG
dq

comes from the

‘gapped’ part of the Fermi surface. (Borisenko et al. reported an energy gap value of

2.4 meV at 19.5 K from ARPES experiments. [67]) In a simple picture, this can be

thought of as akin to a semiconductor-like behaviour where the Fermi level lies in an

energy gap. Now, as the CDW transition temperature is approached, the energy gap

disappears and the ‘gap’ vanishes making it completely metallic. The transconduc-

tance will reduce. This explains the reduction of the ‘height’ of the resonance peak

in mixing current as the CDW transition is approached.

We plot dG
dq

as a function of temperature T in Fig 4.6c. The shape of the curve

seems similar to the variation of the order parameter of the system with temperature.

Let us assume that transconductance dG
dq

is an analytic function of the order parameter

△ (i.e., one can write dG
dq

as an expansion in powers of △), and that close to the

transition temperature Tc,
dG
dq

has the same critical exponent as △. Taking the data

points for T ≥28.5 K in Fig. 4.6c, and fitting to a function of the form dG
dq

∝
(Tc − T )β, we obtain parameters of β=0.47±0.10 and Tc=30.6 K. This estimate of β

is remarkably close to 0.5 - the critical exponent of the order parameter in Ginzburg-

Landau mean field theory. We note here that NbSe2 is a metallic system and electric

field will be screened out in the bulk. So, the contribution to dG
dq

possibly arises from

the layers at surface of the NbSe2 flake. In our analysis of the variation of dG
dq

with T ,

we had used arguments based upon the bulk behaviour of a phase transition system,

and it seems to have worked quite well for explaining the observations on this device

(Device 1).

In the plot of Fig. 4.6a, there is an abrupt decrease in resonant frequency at 18

K. This is a sharp drop of 280 kHz corresponding to a 2.1% reduction in E.

We show data from a second device (Device 2) in Fig. 4.7 At the CDW-normal

state transition, the resonant frequency shows a large change. This, like Device 1,

also shows that the CDW transition in the resonator devices is accompanied by a
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Figure 4.7: Imix as a function of f and temperature for Device 2 around the CDW
transition. (V dc

g = - 32 V, ∆f = 12 kHz).

large change in elastic modulus. This is in stark contrast to the small change of 0.2%

reported by Barmatz et al. [23] For macroscopic crystals, there was a ‘dip’ seen in E,

whereas we see a ‘peak’. The data from two devices reported by Barmatz et al. are

shown in Fig. 4.8.

We show the resonance measurement plot at much higher temperatures in Fig.

4.9a. No abrupt feature is seen. This is expected because the temperature range is

well away from that of the CDW transition.

We now discuss a difference in the behaviour of our Devices 1 and 2 regarding

the variation of mixing current with temperature. Similar to Fig. 4.6c (data from

Device 1), there is a reduction in transconductance (seen from the prominence of the

resonance against the background in Fig. 4.7) in the vicinity of the CDW transition

for Device 2 also. However, the behaviour at higher temperatures above the CDW

transition is not similar for these two devices. Beyond 45 K, the resonance feature

becomes prominent again. This is not the case for Device 1 where even at 60 K

the feature is faint (see Fig. 4.6a). To try to understand this particular difference,

we have to keep in mind that NbSe2 is a metallic system and electric fields will

be screened in the bulk. Therefore, the contribution to transconductance can come

from the surface of the material only. This would require a better understanding of

the surface properties which may lead to variation in properties from one device to

another. This is not well understood at present.
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(Physical Review B 12, 4367 (1975)). The data from two devices are shown.

Device 2 had a peculiar behaviour in that it showed different types of features

on different runs. On some occasions, no significant change in elastic modulus was

observed at the CDW transition (Fig. 4.9b). In this plot, there is an abrupt feature

at 18 K, that is reminiscent of the results from Device 1. In some cases (as in Fig.

4.9c), a large divergence was seen, even more than in Fig. 4.7. These may be signa-

tures of metastability or near-critical-point behavior. [72] The detailed microscopic

mechanism is not clear.

We now make an attempt to understand what can be the cause of the differ-

ence in results between our nanomechanical measurements and the vibrating reed

experiments on bulk crystals (Barmatz et al., Ref. [23]). A microscopic model had

been proposed for the change in E of TaSe2 at the CDW transition. Like macro-

scopic NbSe2, TaSe2 also shows a ‘dip’ in elastic modulus at the CDW transition.

[23] (There is one difference though. The CDW transition in NbSe2 is a second or-

der normal metal - incommensurate CDW transition. In TaSe2, the abrupt change

in elastic modulus is seen at the first order incommensurate CDW - commensurate

CDW transition.) Prelovsek and Rice [73] proposed that the observations in TaSe2

can be explained by the existence of domains in the system. Domains have been ob-

served in TaSe2 [74] and NbSe2 [75] by transmission electron microscopy. A domain

is characterized by a specific orientation of the CDW wavevector and the dimension
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Figure 4.9: Plots showing the change of f0 with temperature in Device 2 on different
runs. (a) This data was taken at temperatures much away from the CDW transition
and no abrupt feature is seen. (V dc

g = −32V.) (b) On some occasions, no significant
change in f0 is observed at the CDW transition (V dc

g = 28 V). (c) This is the result
of a scan in which a very sharp increase in f0 was seen (V dc

g = 32 V).
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of a domain is of the order of 1 µm. Our NbSe2 devices may be comparable in the

size to few domains only. In contrast, the experiments on macroscopic crystals by

Barmatz et al. [23] were done on samples three orders of magnitude larger in size.

The nature of the elastic modulus change in our devices may be a manifestation of few

domain behaviour. This may explain why the observations in them are so different

from previously known macroscopic behavior.

4.5 Summary

In summary, we have observed an abrupt change in the elastic modulus (△E/E ∼10%)

of NbSe2 resonators when the CDW transition takes place. The conclusions are based

on the data from two devices. There were some dissimilarities in their features which

are not properly understood. Although all the details of the physics involved are not

clear, there is convincing evidence about one point - that there are huge differences

in the behaviour of the elastic response of microscopic systems of NbSe2 when com-

pared to bulk crystals. This raises the interesting question of whether this ‘size-effect’

can be a feature of CDW systems in general and if one can arrive at a deeper un-

derstanding of the problem. The next step is to work with a material in which the

CDW transition is much more well understood than NbSe2 and the signatures of the

transition are more pronounced in the measurements. This motivated us to study

resonators of the quasi-1D CDW material NbSe3 - the topic of the next chapter.
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Chapter 5

Experiments with NbSe3

In this chapter, we will discuss experiments with nanowires of the quasi-one-dimensional

material NbSe3. Measurements of the elastic modulus in this system provided clear

signatures of a large change at temperatures close to the CDW transition. This is

qualitatively similar to the results obtained from our studies on NbSe2 resonators.

The data of the experiments on NbSe3 nanowires enables us to arrive at a conclusion

regarding the origin of the phenomenon and we propose a model to understand the

observed results.

5.1 Growth of nanowires and fabrication of res-

onator devices

We synthesized NbSe3 nanowires following a method described by Hor et al. [18].

Nb powder (99.9% pure) and ground Se shots (99.999% pure) were sealed inside an

evacuated quartz tube in stoichiometric ratio. It was heated to 630 ◦C very slowly

over a period of 18 hours, maintained for 6 hours at that temperature and then cooled

down back to room temperature over another 12 hours. The product obtained in the

ampule consisted of NbSe3 wires of various lengths and thicknesses. This was taken

in a beaker and sonicated in isopropyl alcohol (IPA) to create a suspension. The

suspension was deposited (using a micropipette) on a Si wafer (coated with 300 nm

59



Chapter 5. Experiments with NbSe3

a b

2 µm
1 µm

Figure 5.1: Scanning electron microscope (SEM) images of suspended NbSe3
nanowires.

of insulating SiO2). After a few minutes, the IPA dries off and leaves behind NbSe3

nanowires on the substrate. These are visible under the optical microscope.

To make devices using the nanowires, we pattern electrodes using electron beam

lithography and sputter Cr/Au to make contacts. The devices are made suspended by

etching in buffered HF solution. (The different steps for the fabrication of suspended

devices were described in Secs. 4.1.2 and 4.1.3.) SEM images of the suspended devices

are shown in Fig. 5.1.

5.2 Electrical transport measurements

5.2.1 Change of resistance with temperature

NbSe3 undergoes two charge density wave transitions (Sec. 3.3). The transition

temperatures are indicated by the minima of the ‘R vs. T’ (resistance as a function of

temperature) curve and the critical temperatures are marked Tc1 and Tc2 in Fig. 3.7a.

Below 40 K, the resistance reduces with reduction in temperature. This nanowire had

a thickness of 50 nm and width of 270 nm.

Slot et al. [19] have reported detailed studies on the transport properties of NbSe3

nanowires. They observed that as the cross-section starts reducing, the nanowires
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Figure 5.2: The resistance (R) as a function of temperature (T ) and dR/dT plots
(two-probe measurements) for two NbSe3 nanowires.

show non-metallic behaviour at low temperatures. We have seen similar trends also.

We show a plot (Fig. 5.2a) from a device with dimensions of 2.2 µm× 160 nm× 40

nm. Both the transitions are visible, but below Tc2, the resistance keeps on increasing.

In the study of Slot et al., the crossover from low temperature metallic to non-metallic

behaviour was observed for nanowire cross-sections lesser than 500 nm2. [19] In our

samples, non-metallic behaviour has been seen in nanowires with larger cross-sections.

(The device discussed above has a cross-sectional area of 6400 nm2.)

We have also seen ‘intermediate’ behaviour, where the non-metallic trend appears

at much lower temperatures, below 10 K (Fig. 5.2b). (The device dimensions are 3.4

µm× 250 nm× 40 nm.)

In our devices, the two CDW transitions are observed at 170 K (Tc1) and 70 K

(Tc2). The transition temperatures are shifted from the bulk values of 145 K and 59 K.

Slot et al. [19, 76] had observed a shift in the transition temperatures - a reduction
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Figure 5.3: Sliding of the CDW in NbSe3 nanowires. (a) The differential resistance
dV/dI drops sharply as the CDW starts to slide when the dc current through the
nanowire exceeds a threshold. The resistance reduces because the CDW now takes
part in conduction. (b) The plot of dV/dI as a function of the dc current through
the device at different temperatures. The dc current can be equivalently thought of
as an electric field along the length of the nanowire. The threshold current gives
an estimate of the threshold electric field for depinning. This is 11.4 V/cm for the
lineplot in the left. (The temperature at which this data was taken is marked by a
white dotted line on the colourscale plot.)

from the known value for bulk crystals. However, we see the opposite behaviour.

Suspended devices develop a strain at low temperatures due to the contraction of

metallic electrodes and this may be a contributing factor. The exact reason is not

clear.

5.2.2 Sliding mode conductivity

The threshold of the depinning electric field that can lead to a sliding of the CDW has

a strong dependence on the thickness of the crystal. [77, 78, 79, 80] (See Sec. 3.4.)

A linear dependence on the thickness had been observed in experiments [77] when

this dimension is less than the phase coherence length. The small thickness limits

transverse CDW correlations and collective pinning is effectively two dimensional.
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Slot et al. [22, 76] observed a crossover from the collective two dimensional to one

dimensional pinning regimes when the width is also reduced below the phase coherence

length. In the transverse direction, the coherence length was found to be ∼ 1.6

µm. Our nanowire devices have both the thickness and widths much lesser than this

lengthscale. We see the expected size-effects in the form a large depinning field in

sliding mode conductivity measurements.

The depinning of the CDW is observed by measuring the differential resistance of

the nanowire while ramping up the dc current through it (Fig. 5.3a). The differential

resistance is dV/dI, where V is the voltage drop across the device and I is the current

through it. This quantity is measured by applying a low frequency ac signal using a

lock-in amplifier. The drop in dV/dI is the signature of the sliding of the CDW. This

occurs when the dc current through the device is ∼ 2 µA. The length of the nanowire

is 3.1 µm. The threshold electric is estimated to be 11.4 V/cm. This number is 3

orders of magnitude larger than the threshold field observed in macroscopic crystals

(with a length of a few millimetres). [20] The value reported by Fleming et al. [20] is

approximately 10 mV/cm for a crystal of length 4 mm. The threshold field changes

with the temperature and the temperature variation is shown by the colourscale plot

in Fig. 5.3b.

5.3 Nanomechanics with NbSe3

Nanomechanical measurements were performed with NbSe3 using the one-source mix-

ing technique. [57] The circuit used is described by Fig. 5.4. An RF signal generator

is used to provide the FM voltage

Ṽ FM
sd = V0 cos

(
2πft+

f∆
fr

sin(2πfrt)
)
. (5.1)

Here, V0 is the signal amplitude, f the RF frequency, f∆ the deviation and fr

the modulation frequency at which the mixing current is measured. Time is denoted

by t. The voltage is applied directly to the source electrode of the device (with a
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Figure 5.4: The circuit for implementing the one source mixing technique.

50 Ω impedance in parallel to the ground for drawing maximum power from the RF

source). The drain terminal is connected to the measuring port of a lock-in amplifier

operated in ‘current-reading’ mode. The signal generator has a port which produces

a voltage signal at the low frequency fr. This is used for providing the reference

to the lock-in amplifier so that the current (the ‘X’ component) at frequency fr is

measured. In our experiments, we use f∆ ∼ 100 kHz and fr ∼ few hundred Hz. A dc

voltage V dc
g is applied at the gate. The expression for mixing current was derived in

Sec. 2.3.2 and is given by Eq. 2.35.
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Figure 5.7: The variation of resonant frequency with temperature for Device 1. (a)
The change in elastic response near the CDW transition is studied by tracking the
change in resonant frequency f0 and varying the temperature of the device. (V dc
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V.) There is a sharp ‘peak’ in f0 just below the Tc2 CDW transition. This corresponds
to△E/E = 12.8±0.9%. (b) The mixing current Imix is plotted as a function of driving
frequency f at three different temperatures: well below the CDW transition (40.6 K),
in the region of the ‘peak’ in the colourscale plot (46.0 K) and above Tc2 in the normal
phase (75.7 K). The three curves are plotted with an offset for clarity. The shift in
f0 for the plot at 46.0 K corresponds to the large change in elastic modulus observed
in the CDW phase just below Tc2. By looking at the ‘heights’ of the resonance
peaks in the ‘Imix vs. f ’ plots, it can be noticed that there is a reduction in the
transconductance dG

dq
at 46.0 K.
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5.4 Influence of the charge density wave on elastic

properties

5.4.1 Nanoelectromechanical measurements across the phase

transition

The resonant frequency f0 of an NbSe3 nanowire is determined by sweeping the fre-

quency f of Ṽ FM
sd and noting the value for the maximum change in mixing current

Imix. In Fig. 5.5, we show a curve obtained using the one-source technique. The

NbSe3 devices have a Q of approximately 300. In the following, we discuss the data

obtained from a few devices.

We present data from a device that had dimensions of length=2.2 µm, width =

160 nm and thickness = 40 nm. This will be referred to as Device 1. The change of

resistance with temperature of this device has been shown in Fig. 5.2a that exhibits

non-metallic behaviour at low temperatures. The f0-V
dc
g plot (Fig. 5.6a) shows a

negative dispersion of the resonant frequency.

To measure the change in elastic modulus E near the CDW transition, the scan for

tracking f0 by varying the temperature T was started from 10 K (Fig. 5.7a). There

is a very abrupt change in the resonant frequency just below the Tc2 transition. In

the wide temperature range of 10-190 K covered in the scan, there is a general trend

of f0 reducing with T (that makes a slowly varying ‘background’), with the deviation

occuring in the form of a very sharp peak between 40-63 K. This considerable amount

of change in the proximity of the CDW transition is reminiscent of the feature seen

in NbSe2 resonators. Following the discussion presented in the Sec. 4.4 the relative

change in E is estimated to be △E/E = 12.8±0.9 %.

In general, the resonant frequency shows a trend of reducing slowly as the tem-

perature increases, except in the region of the ‘peak’ between 40-63 K. This can be

understood in terms of the strain induced by the thermal contraction of electrodes at

low temperatures. When a resonator is cooled from room temperature to low tem-

peratures, the strain increases and also the resonant frequency. While the system

is heated up starting at low temperatures, the reverse happens. Now, the already
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contracted electrodes start to expand and reduces the strain. This leads to a gradual

decrease in f0 as temperature increases. This explains the slowly varying nature of

f0, at temperatures away from the ‘peak’.

As discussed in the previous chapter in Sec. 4.4, △E/E is estimated from the

data of resonant frequency by accounting for a small correction due to the negative

dispersion of f0 with V dc
g . (The natural frequency fn is a little different from the

observed f0. The expression is fn = f0 + α
(
V dc
g

)2
. See Sec. 2.4 for a discussion.)

For this device, f0 disperses by 0.3 MHz over a gate voltage range of 40 V (Fig.

5.6a). There is a much larger overall shift of 4.2 MHz when the resonant frequency

increases at the abrupt ‘peak’ in the temperature scan of Fig. 5.7a. This shows that

the correction due to the dispersion of f0 with V dc
g is indeed a small one and the large

change seen in the temperature scan can not occur due to electrostatics.

The prominence of the resonance signal in Fig. 5.7a reduces in the region of the

‘peak’. This can also be seen from the ‘height’ of the peak in Imix in Fig. 5.7b for the

plot at 46.0 K. This is lower than that in the other two plots at 40.6 K and 75.7 K.

This can be interpreted as being caused by a reduction in transconductance dG
dq
. This

is very similar to what was observed in the experiments with NbSe2 - that the large

change in E and the reduction of dG
dq

occur simultaneously at temperatures near the

CDW transition. We do not observe any significant change in the resonant frequency

near the Tc1 CDW transition.

Figs. 5.8a and 5.8b show the frequency-gate voltage dispersion and the change of

f0 with temperature for a different device (Device 2).

Two resonant modes can be seen in Fig. 5.8b. Closely spaced modes can arise

in nanomechanical resonator devices due to the presence of asymmetries. [81] It is

usually assumed that the nanowire has a uniform cross-section throughout its length

and is suspended parallel to the substrate below it. But small deviations from this

ideal geometry may give rise to multiple modes which are closely spaced in frequency.

For the upper mode in Fig. 5.8b, the signal of resonance becomes extremely faint as

the resonant frequency starts increasing sharply beyond 35 K and the ‘peak’ feature

can not be traced. Faint traces of the feature can be seen, as indicated by the small

arrows. The deviation of the resonant frequency f0 is clear for the lower mode. (It

is estimated from the maximum change in f0 at the top of the ‘peak’ that △E/E
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Figure 5.9: The resonant frequency does not show any abrupt change at high tem-
peratures away from the Tc2 CDW transition.

= 16.2 %. In Fig. 5.9, the resonant frequency at high temperatures for Device 2 is

plotted. No abrupt change in f0 is noticed.

We determine the elastic modulus of this nanowire by noting the resonant fre-

quency at room temperature. Since the devices were fabricated at room temperature,

it is assumed that tension at room temperature should be negligible. The relation

between fn and elastic modulus is fn = 3.56
√

EI
ρS

1
L2 . (I is the inertia moment, S the

cross-sectional area, ρ the mass density and L the length of the resonator.) [54] The

elastic modulus of the nanowire is estimated to be 77 GPa. Using the same value of

E at low temperature, and the expression relating fn and E in the high tension limit

(Eq. 2.17), [54] the strain at 5 K is estimated to be 4.6×10−3. From the temperature

variation of resonant frequency in Fig. 5.9, we can estimate the thermal expansion

coefficient to be around 10.1 ppm/K. It has to be kept in mind that this estimate

gives the total expansion coefficient arising out of both the nanowire and the metal-

lic electrodes. Maclean et al. [82] had measured the thermal expansion coefficient

of NbSe3 in the temperature range of 90-180 K and found it to be a monotonically

increasing function of temperature (9 ppm/K at 180 K).

In some devices, the reduction of transconductance at temperatures near the CDW
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transition is large enough that no signal of resonance is visible in the mixing current.

One such device (Device 3) will be discussed now.

The f0 - V
dc
g dispersion curve is shown in Fig. 5.10a. We see a number of resonant

modes. As discussed in the case of Device 2, these multiple modes possibly arise due

to asymmetries in the device geometry. The data in Fig. 5.10 spans a large frequency

range and some of the modes at the highest frequencies may be harmonics of the

lowest eigenmodes. (This nanowire has a thickness of 50 nm and a width of 270 nm.

Its shape is more like that of a ‘nanoribbon’.)

The result of a temperature scan is shown in Fig. 5.11. The resonance signal of

all the modes becomes faint over a temperature window of 37-54 K. This is the region

where f0 deviates from its usual value and increases abruptly. The close-up view

of a mode shows a clear signature of the abrupt change, but the transconductance

becomes so low that the complete ‘peak’ feature in f0 is not traceable.

The elastic modulus for this device is estimated to be 91 GPa. The strain at 5K

was calculated to be 2.1×10−3.

5.4.2 Discussion

The three devices mentioned here are among a total of six devices that showed simi-

lar qualitative features. It is seen that there is a sharp change of elastic modulus in

the charge density wave phase. This resembles very much the results of the experi-

ments on NbSe2. Another thing in common to both systems is that the reduction in

transconductance and the increase in resonant frequency occur together. This is an

extremely interesting physical problem and we will propose a model later in this chap-

ter to understand the phenomenon. We will now compare our results to observations

in bulk crystals.

Brill and Ong [24] performed vibrating reed experiments to determine the change

in elastic modulus of NbSe3 as a function of temperature. (Fig. 5.12) A small change

of △E/E=0.09% in the form of a ‘dip’ in elastic modulus at the Tc1 transition (at

142 K) was reported. In these studies, no detectable feature was noticed at the Tc2

transition. Our devices show a very contrasting behaviour. There is no observable
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Figure 5.12: The data from vibrating reed experiments reported by Brill and Ong
(Solid State Communications 25, 1075 (1978)) on macroscopic crystals of NbSe3. The
relative change in elastic modulus, △E/E0, is plotted where E0 is the elastic modulus
at 300 K. A small ‘dip’ in elastic modulus is observed at 142 K. There is no noticeable
feature at the CDW transition occuring at the lower temperature of 59 K.
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sharp feature near the Tc1 transition, and close to the Tc2 transition, there is a great

change in E in the form of a ‘peak’. The amount of this change is much larger than

any feature observed in macroscopic crystals.

The fact that we do not see any considerable change around the Tc1 CDW tran-

sition (unlike the data of Brill et al.) may be due to experimental limitations. We

use the data from our Device 1 for a comparison. If there is a change in △E/E of

0.09%, the expected shift in f0 of Device 1 is 32 kHz. The frequency step-size used

for acquiring the data of Fig. 5.7 is 20 kHz. Therefore, this shift is very close to our

limit of resolution and may not be clearly visible. The quality factor of the resonators

are approximately 300. This would mean that the width of the resonance peak in the

‘Imix vs. f ’ plot is 220 kHz. This is large compared to the expected shift of 32 kHz.

These factors may lead to the absence in our devices of the feature seen by Brill et

al. for bulk crystals.

As mentioned earlier, the elastic moduli for Devices 2 and 3 were estimated to be

77 GPa and 91 GPa respectively. These estimates are close to that for bulk crystals

mentioned by Brill et al., who reported the values for two devices: 150±100 GPa and

550±280 GPa. [24] Our values are consistent and within the error range of the first

value. In the vibrating reed experiments, there can be errors (due to deviations from

a symmetric geometry, failure to achieve ideal clamping conditions and other causes)

in interpreting the absolute value of elastic modulus E from the observed resonant

frequency data. Such errors can arise in our experiments also. But the quantity

we are concerned with - the fractional change ∆E/E, can be accurately estimated

because it is determined from a ratio of two observed frequencies.

5.5 Simultaneous measurement of sliding mode con-

ductivity and mechanical resonance

Bourne et al. [83] and Xiang et al. [84] had performed experiments on bulk NbSe3

in which the elastic modulus was determined while simultaneously ramping up the

dc bias across the depinning threshold. The depinning of the CDW from the lattice

was accompanied by a small change in the elastic modulus. At 50 K, Xiang et al.
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Figure 5.13: The resonant frequency is measured while ramping up the dc current
though the nanowire. The colourscale indicates mixing current. The black curve
shows the dc resistance of the device (right axis) as a function of the dc current. This
measurement was done at 10 K.

76



5.6. Understanding the variation of resonant frequency with temperature

observed a relative change △E/E of the order of 10−4.

We performed similar measurements at 10 K. The resonant frequency was read-

off from the mixing current and a dc current was driven through the nanowire. The

resistance of the device was monitored to determine when the CDW starts to slide.

The result is shown in Fig. 5.13. The CDW depins when the current is close to

5 µA. There is no noticeable change in f0. However, the signature of resonance be-

comes more prominent in the sliding regime. This suggests that the transconductance

increases significantly when the CDW depins from the lattice.

It would perhaps be more interesting to do these measurements at temperatures

between 40-50 K, where we see the ‘peak’ in elastic modulus in the temperature scan.

This was not possible in our setup because the application of the FM signal at the

source drives RF power through the nanowire and this brings down the threshold

value of the dc current for the CDW to depin. The threshold field is much smaller in

the temperature range of 40-50 K compared to 10 K. A certain amount of RF power

needs to be sent through the device in order to actuate mechanical oscillations. In the

range of 40-50 K, the RF power could not be suitably adjusted so that both sliding of

the CDW (with application of a dc bias) and mechanical resonance would be clearly

visible. A different technique to detect nanomechanical oscillations, that can avoid

sending of RF power through the nanowire device (e.g. optical detection [85]), may

be more suitable for these measurements.

5.6 Understanding the variation of resonant fre-

quency with temperature

The data presented in Sec. 5.4.1 gives a clear indication that the charge density wave

phase strongly influences the elastic properties of the NbSe3 nanowires. However,

the features seen in nanowire resonators are hugely different from the behaviour of

bulk crystals. We attempt here to arrive at an understanding of the problem by

constructing a microscopic model of the system.

The central question we need to resolve is how does the electronic charge density

wave condensate affect the elastic properties of the lattice. We treat the ionic lattice as
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Figure 5.14: Diagram describing the model for studying the phonon modes of a CDW
system. The lattice is approximated as a chain of masses connected by springs. The
periodic potential due to the CDW is incommensurate with the lattice.

a linear chain of masses connected by springs. (See Fig. 5.14 for a schematic diagram.)

The springs have a stiffness of Ks that provides the restoring force to the ions when

the lattice is stretched or compressed to disturb its equilibrium configuration. In the

case of a normal metal, the eigenmodes of this mass-spring system would determine

the phonon dispersion relation. In the charge density wave phase, we also need to

take the potential of the CDW into account. The total potential energy of the lattice

is expressed as

Φ =
∑
i

1

2
Ks(xi − xi−1 − l)2 + Γ(1− cos(2π

xi

λ
)) . (5.2)

The first term is the potential due to the springs. xi is the position of the ith

ion and l is the unstretched length between neighbouring ions. The second term is

the periodic potential of the CDW. The amplitude Γ is proportional to the order pa-

rameter ∆. λ is the wavelength of the CDW and is incommensurate with the lattice

spacing l. This is known in literature as the Frenkel-Kontorova model. [86, 87] The

phonon modes can be determined from numerical computations. The nature of the

phonon dispersion curve depends upon the relative strengths of the two potential en-

ergy terms in Eq. 5.2. The relevant parameter is U=Γ/Ks, the ratio of the amplitude

of the CDW potential and the spring stiffness.

Results regarding phonon dispersion curves obtained from numerical computations
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Figure 5.15: Phonon modes in the Frenkel-Kontorova model. This figure shows
the dispersion of the squared phonon frequencies with the wavevector for a Frenkel-
Kontorova lattice as estimated using numerical computations by van Erp (‘Frenkel
Kontorova model on quasiperiodic substrate potentials (Master’s thesis)’, Katholieke
Universiteit, Nijmegen (1999)). The details of the parameters used for the computa-
tion are provided in the aforementioned reference.

by van Erp [87] are presented in Fig. 5.15. For a finite value of Γ, the positions of

the ions are shifted from the initial locations. This amounts to a distortion of the

lattice and multiplies the size of the unit cell. Gaps appear in the phonon dispersion

curve (Fig. 5.15a). The increase in the size of the unit cell of the lattice reduces

the size of the Brillouin zone. This shifts the Brillouin zone boundary to smaller

wavevectors, and gaps which are associated with Brillouin zone edges are now seen

at lower frequencies. However, we are concerned with long wavelength modes for

which the gaps in the dispersion curve are not important, and the phonon dispersion

looks qualitatively similar to that of usual acoustic phonons with frequency ω −→0

in the limit of wavevector k −→0. The wavelength (or the wavevector) of the excited

phonon mode is determined by the length of the lattice.

This problem has a critical parameter Uc, and an interesting phenomenon happens

when the ratio of Γ and Ks are such that U > Uc. Under this condition, a ‘phonon

gap’ opens up at the long wavelength k −→0 end of the spectrum (Fig. 5.15b). The

phonon frequencies are shifted upwards and an ω=0 phonon mode does not exist. This

is often referred to as the ‘breaking of analyticity in the Frenkel-Kontorova model’

or the ‘Aubry transition’. [86, 87] We will use the emergence of the ‘phonon gap’ to

try to understand the results of our experiments. The strategy will be to see how the
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ratio U=Γ/Ks will vary with temperature for a one-dimensional CDW system.

5.6.1 Phenomenological approach

The amplitude of the CDW potential varies as the amplitude of the charge distribu-

tion. If Tc is the critical temperature of the phase transition, then, from Ginzburg-

Landau mean field theory,

Γ ∼ ∆ ∼ (Tc − T )1/2 . (5.3)

We assume that the spring stiffness Ks varies with temperature as an analytic

function of the order parameter and can be expressed as an expansion in powers of

∆,

Ks ∼ K0 + α∆ + β∆2 . (5.4)

K0 is the stiffness at T=Tc. α and β are constants independent of the temperature.

This leads to

U ∼ ∆

K0 + α∆ + β∆2
. (5.5)

At high temperatures much above Tc, the value of U is zero. U will have a peak

at a temperature below Tc and its value will reduce at low temperatures because of

the ∆2 term in the denominator. Fig. 5.16 shows how a plot of the ratio U=Γ/Ks

as a function of temperature T looks like. If it happens that U exceeds the critical

value Uc in the region of the peak, then the system will undergo the Aubry transition

and will be in the ‘phonon gap’ regime over that range of temperatures. This will

lead to a sudden increase of the eigenfrequency of the excited phonon mode over a

finite temperature range in the ordered phase below the critical temperature. Thus,

the Frenkel-Kontorova model can explain qualitatively the large change in resonant

frequency seen in our NbSe3 resonator devices. This is only a phenomenological

picture and in the next section, we will see that a much better understanding can be
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Figure 5.16: The plot shows the variation of the parameter U(= Γ/Ks) of the Frenkel-
Kontorova model with temperature.

reached by using actual experimental data from literature.

5.6.2 The influence of the dielectric constant on phonon modes

We have not yet taken into account the physical origin of the spring stiffness Ks and

what are the factors that contribute to it. This turns out to be a very important

factor for understanding the problem. In a metal, the restoring force on the lattice

is strongly related to the dielectric constant ϵ by a Bohm-Staver mechanism. [5]

Physically, the deformation of the positively charged ionic lattice changes the electric

field inside the crystal, and the free electrons rearrange to screen the field. This

provides the restoring force on the lattice. The spring stiffness of our model thus

depends upon ϵ,

Ks ∼ 1

ϵ
. (5.6)

The wavelength of fundamental resonance of the one-dimensional lattice is set

by its length (in our case, the distance between the clamped ends). To study how

the frequency of the eigenmode varies with temperature, we need to know how the

dielectric constant changes as a function of temperature. ϵ is a highly frequency-

dependent quantity and its behaviour at RF frequencies is of interest to us. Gruner

et al. [88] had measured the dielectric constant of NbSe3 for high frequencies and

the data is shown in Fig. 5.17a. The value of ϵ is large - of the order of 108. In the
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Figure 5.17: Temperature dependence of the Frenkel-Kontorova parameter. (a) The
plot shows the variation dielectric constant of NbSe3 at RF frequencies as a function
of temperature as reported by Gruner et al. (Physical Review Letters 45, 935 (1980)).
(b) U is plotted as a function of temperature.

frequency range of tens of MHz (similar to the resonant frequencies of our devices), it

has significant variation with temperature with a large peak near 42 K (below the Tc2

CDW transition temperature). The shape of the plot bears a striking resemblance

with the data of our nanomechanical measurements (Figs. 5.7a and 5.8b).

From Eq. 5.6, we can write the dependence of the parameter U as

U ∼ ϵ∆ . (5.7)

A peak in ϵ will translate into a peak in U and this will result in a peak in the

eigenfrequency of the phonon mode vibration as a function of temperature. Assuming

a Ginzburg-Landau form of the order parameter, U is plotted as a function of T in

Fig. 5.17b. (The data of Gruner et al. for 45 MHz (Fig. 5.17a) is taken as the

prototype for the temperature variation of dielectric constant at high frequencies.)

In the Frenkel-Kontorova framework, an increase in U will lead to an increase in

the phonon frequency (even in the regime when U < Uc). In the case where the peak

is large enough that U > Uc, the increase will be very abrupt because now a phonon
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gap will appear in the phonon spectrum in the infinite wavelength limit. From the

abruptness with which the resonant frequency changes in our devices (Figs. 5.7a,

5.8b and 5.11), it appears quite possible that the system is actually driven above the

critical limit (U > Uc) and we are witnessing a crossover into a regime characterized

by the opening up of a long wavelength phonon gap. The physical meaning of the

absence of low frequency eigenmodes is that the lattice is now pinned to the CDW

potential. The resonant frequency is determined by the periodic CDW potential when

the dielectric constant becomes large (corresponding to a drop in the stiffness Ks).

The following is the physical picture that emerges. For T ≫42 K, the resonant

frequency is determined by the longitudinal phonons (the wavelength is set by the

length of the NbSe3 resonator). In view of the Frenkel-Kontorova model, [86] this

is the regime of free lattice vibrations not constrained by the CDW. (The CDW is

either weak at these temperatures or nonexistent (above the critical temperature)).

At lower temperatures, the dielectric function shows a strong enhancement. The

Bohm-Staver phonons are softened and the lattice is locked to the CDW potential.

As the temperature is lowered further, the dielectric function again decreases and the

lattice vibrations are unlocked from the CDW.

5.7 Electromagnetic response of a CDW

In the previous section, we had arrived at an understanding of our experimental results

using the Frenkel-Kontorova model and incorporating the influence of the dielectric

constant on the stiffness of the lattice. There are some implicit assumptions in the

analysis. The CDW has been assumed to be a rigid object of infinite mass that does

not move or deform when the lattice vibrates. This need not be the case in reality.

The mass of the CDW is the total mass of the electrons forming the condensate over

a length equal to the phase coherence length (typically of the order of 104 lattice

spacings.) [89] This leads to a mass of m∗ ∼104me. (me is the mass of an electron.)

We will now discuss the response of a CDW to an electromagnetic field. The

charge distribution over space n(r) can be written as n(r) = nc + n0 cos[Q.r+ ϕ(r)].

(n0 is the CDW amplitude, Q is the CDW wave-vector and nc denotes the electron

density in the metallic state.) In the Fukuyama-Lee-Rice model, [16, 17] the dynamics
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of the CDW is studied by writing down the equation of motion of the phase ϕ. We

follow here an analysis by Littlewood. [89] The equation of motion is

m∗nc
d2ϕ

dt2
+ γ0

dϕ

dt
−K∇2ϕ+ ΣiVi(r−Ri)n0 sin[Q · r+ ϕ(r)] = encEzQz (5.8)

γ0 is the damping coefficient and K is the elastic modulus of the CDW (that

impedes any deformation of the condensate). The CDW is free to slide along the

direction of incommensuration (to be called the z-direction). Ez is the electric field

along this direction. The pinning potential due to a pinning centre at the site Ri

is represented by Vi(r−Ri). K is proportional to the order parameter ∆. We are

interested in temperatures close to the CDW transition temperature where ∆ should

be small. Therefore, the term involving K will be ignored in further discussions.

The longitudinal response function of the system for a frequency f is [89]

G−1
L = −4π2m∗f 2 − i 2πγ0f + V0 − i 2π

nce
2

σz − i 2πfϵ0ϵz
. (5.9)

Here, V0 is the CDW pinning potential coming from impurities and the lattice

and it has been assumed that the pinning is uniform. The conductivity and dielectric

constant are denoted by σz and ϵz respectively. ϵ0 is the permittivity of free space.

The denominator of the last term in Eq. 5.9 suggests that there exists a crossover

frequency demarcating two frequency regimes of qualitatively different behaviour of

the response function. This characteristic frequency is

fc =
1

2π

σz

ϵzϵ0
(5.10)

At low frequencies (f ≪ fc), the response is overdamped. The effective damping

coefficient is γ = γ0 + nce
2/σz. In this limit, the conduction electrons strongly screen

the motion of the CDW and any signature of the coupling between the CDW and the

lattice (such as in the elastic properties) is hard to detect given the spectrally broad

response. In the opposite limit of high frequencies (f ≫ fc), the last term in Eq.
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5.9 acts as a restoring term instead of a damping term. This gives rise to a CDW

plasmon resonance. The frequency is given by

fp =
1

2π

√
V0/m∗ + nce2/m∗ϵ0ϵz. (5.11)

We will now estimate some of the relevant frequency values for our devices. We

first calculate the crossover frequency fc using the data of Device 1. (The resistance

as a function of temperature plot of this device is given in Fig. 5.2a.) This has

a resistance of ∼ 3 kΩ near 40 K (the temperature around which the mechanical

resonant frequency has a large change as shown in Fig. 5.7a). The conductivity

comes out to be 1×105 S m−1. The dielectric constant (ϵz) at high frequencies is

taken to approximately 1×108 from the data of Gruner et al. [88] We arrive at an

estimate of fc=20 MHz. The resonant frequencies of our nanowire devices are tens

of MHz and exceed this crossover value and lie in the frequency regime where the

motion of the CDW is unscreened. Under such conditions, the Bohm-Staver phonon

frequencies can get renormalized by interaction with the CDW plasmon mode if the

plasmon frequency is close to that of the excited phonons.

In contrast, experiments for determining the elastic modulus of NbSe3 by Brill et

al. were performed on larger crystals with resonant frequencies of only a few kHz.

[24] These frequencies (f ≪ fc) are too low for any coupling of the CDW condensate

to the mechanical motion of the ionic lattice to be discernible.

The gist of the above analysis is that the CDW, when distorted by being pinned

to the lattice, produces long range Coulomb forces and these are screened by the

metallic electrons in equilibrium. But, when the driving frequency is too fast for the

electron gas to respond, the longitudinal sound mode will have its frequency shifted

up towards the CDW plasmon. The crossover behaviour in frequency response is

characterized by fc.

We now calculate the CDW plasmon frequency fp. If the pinning potential V0 is

weak, fp ∼ 1
2π

√
nce2/m∗ϵ0ϵz. From an analysis of the conduction properties of NbSe3

using the two-band model by Ong, [90] we take nc=2×1025 m−3. We get fp=39

MHz. This is of the same order as the resonant frequencies of our NbSe3 devices.

The Bohm-Staver phonons are close to the CDW plasmon frequency and a coupling

85



Chapter 5. Experiments with NbSe3

between the ionic lattice and the CDW can renormalize the phonon frequencies

The estimate fp=39 MHz is an approximate one. The value of nc obtained from

the analysis in Ref. [90] is an order-of-magnitude estimate. We have taken me to

be the free electron mass. To be more accurate, effective mass of electrons in NbSe3

should have been used. Monceau [91] had reported measurements of the effective

mass with magnetotransport experiments. The effective mass is dependent upon

the orientation of the magnetic field and can be less than 1. Contributions of the

pinning potential V0 have also been neglected. The exact value of fp may be larger

than what we have estimated (although the order of magnitude should be the same).

Under such conditions, there can be a sharp increase in the elastic modulus of the

NbSe3 nanowires (as experimentally seen in our devices) when the phonon modes are

renormalized upon their proximity to the CDW plasmon mode.

5.8 Conclusion

The large and abrupt change in resonant frequency of the NbSe3 nanowire devices is

now understood as being caused by the closeness of the excited phonon frequencies

to the CDW plasmon mode. The elastic properties of the material is affected by

the presence of the electronic condensate. In our analysis, the discussion of the

electromagnetic response of the CDW shows that the nanowires are in the right

frequency window for the interaction between the CDW and the lattice to be visible

in the mechanical and elastic response. The comparison with dielectric constant data

using the Frenkel-Kontorova model explains the temperature variation of the resonant

frequency of the resonators.

This highlights an interesting point - the value of the elastic modulus probed by

mechanical vibrations is frequency dependent. Measurements of elastic modulus on

macroscopic crystals, with resonant frequencies four orders of magnitude lesser than

our devices, yielded very different results. This is well-explained by the fact that

the frequencies in the vibrating reed experiments were too small compared to the

crossover frequency fc=
1
2π

σz

ϵzϵ0
and a signature of the coupling between the CDW and

the lattice would not be visible in that range.
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The elastic modulus of a material is usually taken to be a constant. It is related to

the velocity of sound and is given by the slope of the dispersion curve of the acoustic

phonons. In the limit of long wavelength modes of the acoustic phonons, a linear

relation between the frequency and wavevector is assumed, that implies a constant

elastic modulus irrespective of the frequency. It turns out that in nanomechanical

resonators, phonon modes at certain frequencies can be renormalized by interactions

with the charge density wave leading to a frequency-dependent elastic response. The

mechanical resonant frequency of the suspended nanowires are ‘high’ enough (due

to the small dimensions) and the plasmon mode of the electronic condensate is ‘low’

enough (due to the large dielectric constant of NbSe3 and a large mass of the coherent

charge density wave) to bring them in accessible range for the interaction to be

possible.

In hindsight, we can also use the dielectric constant data of Gruner et al. to un-

derstand the variation of transconductance dG
dq

with temperature. [88] An increase in

the dielectric constant around 40 K means that the system becomes more ‘metallic’.

(The dielectric constant of an ideal metal at zero frequency is infinite.) In a metal,

electric fields are screened by the free carriers. This makes the modulation of conduc-

tance by applying a gate voltage less efficient. Therefore, the increase in dielectric

constant at temperatures close to 40 K at RF frequencies should be accompanied by

a drop in the transconductance and the prominence of the signal of resonance seen

in mixing current should also reduce. It does not appear surprising that the peak

in resonant frequency and the reduction in transconductance occur simultaneously

when the temperature of the system is varied.

In Sec. 5.5, we had discussed that no change of the elastic modulus could be

detected on depinning of the CDW at 10 K. From the Frenkel-Kontorova picture, this

is a temperature where we have the usual Bohm-Staver phonons unrestrained by the

CDW potential. The lattice is pinned by the CDW potential at higher temperatures

around 40 K, but not at 10 K. This is consistent with the fact that no noticeable

signature of the sliding of the CDW was observed in the elastic response at this

temperature.
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Chapter 6

Metal-insulator transition in VO2

and the study of nanobeam

field-effect transistors

In this chapter, we will describe an experiment with three terminal field-effect tran-

sistor devices fabricated using VO2 nanobeams. This material undergoes a metal-

insulator transition in which the low temperature phase is insulating. The aim of

our study is to probe the modulation of conductance of a VO2 nanobeam upon the

application of a gate voltage. The dielectric used for realizing the gate terminal is

HfO2. The measurements discussed in this chapter have been published in Applied

Physics Letters 99, 062114 (2011).

6.1 The metal-insulator transition in VO2

The metal-insulator transition occurs in correlated systems with strong electron-

electron interactions. The concept had its origin when Wigner proposed a model

in 1938 to understand how interactions between electrons affect the energy levels in

metals. It was suggested that an electron gas at very low density will order into an

insulating state. [92] Within a framework developed later by Mott, [93, 94] it was

shown that in a cubic crystalline array, insulating behaviour sets in when the lattice
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V

O

cr

Figure 6.1: This shows the structure of VO2 in the metallic high temperature rutile
(left) and the insulating low temperature monoclinic (right) phases (Ref: Goode-
nough, Journal of Solid State Chemistry 3, 490 (1971), Zylbersztejn and Mott, Phys-
ical Review B 11, 4383 (1975)).

constant d exceeds a threshold value d0. When the mutual Coulomb repulsion of

electrons are taken into account, a phase transition from an insulating to a metallic

phase occurs as the number of electrons crosses a critical value.

VO2 has been a prototypical example of a system in which the transition from the

insulating to the metallic state can be induced by increasing the temperature only

without a need to alter the stoichiometry. The phase transition involves a change in

conductance by several orders of magnitude and an associated change in the crystal

structure. [95, 41, 40] The transition temperature is 341 K. The high-temperature

metallic phase has rutile structure. The low temperature phase has a monoclinic

structure [96] and is formed by a pairing and off-axis displacement of alternate V

atoms along the cr axis. (See Fig. 6.1) Understanding the mechanism of the phase

transition has elicited a lot of attention because it is not completely explained by

the simple Mott transition picture and the problem is made more complicated by the

associated structural change. The displacement of the V atoms perpendicular to the

cr axis develops an antiferroelectric ordering and this was identified by Goodenough as

a cause for the insulating behaviour at low temperatures. [97] Zylbersztejn and Mott

noted that it is important to take into account the Hubbard correlation energy (the
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intra-atomic Coulomb repulsion between electrons) to describe the insulating phase

correctly, but the characteristics of the metallic phase can be fairly well understood

from the band structure only. [98]

Qazilbash et al. probed the phase transition in VO2 films using far-field infrared

spectroscopy and scanning near-field infrared microscopy. [99] An energy gap of ap-

proximately 0.5 eV, consistent with the Mott transition picture, was detected in the

low temperature insulating monoclinic phase. As the system is heated up across the

phase transition temperature, puddles of metallic phase appear within an insulating

region and the transition occurs in a percolative manner. The quasiparticle mass

in the metallic puddles are divergent, indicating the importance of electronic cor-

relations behind the phase transition. The optical conductivity spectra also shows

pseudogap features, bearing a similarity with some metallic systems where a partial

charge density wave gap develops in the Fermi surface. [2, 67] This study suggests

that the low temperature monoclinic phase of VO2 is a Mott insulator with charge

ordering.

The low temperature state of VO2 can exist in one of many possible phases. [100]

The possibilities are two types of monoclinic structures (M1, M2) and triclinic (T).

The free energies of these competing phases are not much different and these can be

controlled by doping with carriers or modifying the strain state. The strain has a

large influence on the conductivity of the insulating phase of VO2 and the tempera-

ture of the metal-insulator transition. This has been exemplified by experiments on

single-crystalline VO2 nanobeams. [43, 42, 44] In these studies, VO2 nanobeams are

embedded in a SiO2 substrate which constrains any change in its length. When the

temperature of a free crystal of VO2 is increased from the insulating to the metallic

state, it tends to shrink by 1%. [42] However, for embedded nanobeams, a reduction

in length in prohibited. Stress builds up in the system. At 341 K, instead of the

entire nanobeam becoming metallic, only a metal domain appears and the rest of

the system remains insulating. As the temperature is increased further, the metal

domains grow in size and number. The temperature at which the entire nanobeam

becomes metallic is higher than the phase transition temperature for a free crystal.

The conductance shows hysteresis as a function of temperature on successive heating

and cooling runs. Alternating metal and insulator domains in VO2 nanobeams have

been observed under the optical microscope. [42] Usually, an embedded nanobeam
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10 µm

Figure 6.2: A scanning electron microscope (SEM) image of a VO2 nanobeam (ini-
tially embedded in the SiO2 substrate). It is contacted by metallic electrodes and
the SiO2 underneath is removed by etching in buffered HF solution. This releases the
nanobeam from the substrate which buckles up due to a reduction in strain.

in the completely insulating state is under compressive strain. [44] In the completely

metallic state, a tensile stress develops because of the shrinking of the length of the

crystal.

Fig. 6.2 shows the image of a two terminal VO2 nanobeam device. This was fabri-

cated using electron beam lithography followed by Ar plasma etching and sputtering

of Cr/Au to make contacts. The nanobeam was initially embedded in the substrate

in a strained state. Etching in a buffered HF solution was carried out to remove the

SiO2 beneath the VO2 crystal. This released the nanobeam which buckled up due to

an expansion in its length and a reduction in stress.
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6.2 VO2 field-effect transistors

6.2.1 Overview

The fact that the phase transition in VO2 occurs close to room temperature has

made it a suitable candidate for a number of device applications. A significant effort

has gone into studying the characteristics of VO2 field-effect transistors. The aim

is to understand how the conductance can be modulated by inducing charge carri-

ers. There is a possibility that a transition into the metallic state can be induced

by doping the insulating state with a large number of electrons - resulting in the

switching behaviour of a Mott transistor. Understanding the gate tunability of the

phase transition characteristics has been a big motivation for such experiments.

Kim et al. [47] studied the conduction properties of VO2 films at large source-

drain bias voltages and the influence of an applied gate voltage on them. Stefanovich

et al. [48] carried out delay time measurements on gated VO2 films. In both the

above cases, the gate voltage was reported to have an influence on the measured

conduction properties. However, a direct measurement of the zero-bias conductivity

of VO2 showing the transition from the insulating to the metallic phase upon a gradual

increase in the number of carriers has not been demonstrated yet. Ruzmetov et al.

[49] have also reported that an applied gate voltage influences the conductance of

VO2 films.

6.2.2 Fabrication of nanobeam field-effect devices

The nanobeams used in our experiments were grown in the laboratory of Prof. Jun-

qiao Wu at the University of California, Berkeley using a vapor transport method.

[101] These are half-embedded in an 1.1 µm thick layer of dielectric SiO2 on a Si

wafer.

Electrodes are patterned on the nanobeams using electron beam lithography (EBL)

and Cr/Au is deposited to make electrical contacts. Unlike our previous experiments

with NbSe2 and NbSe3, we do not use a back-gate here. Instead, a local gate electrode

is used that overlaps with the conducting channel of the nanobeam (between source
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Figure 6.3: This figure shows (a) an optical microscope and (b) an atomic force
microscope image of VO2 field-effect transistor devices.

and drain electrodes), but is prevented from establishing electrical contact by a layer

of dielectric HfO2. The lithography here is a two-step process.

First, electron beam resist is coated on the chip and only the gate electrode is

patterned with EBL. Then, a 20 nm thick layer of HfO2 is deposited by atomic

layer deposition (ALD). The deposition is carried out in the ALD chamber at 120oC

maintaining a 20 sccm flow-rate of nitrogen. The pressure is approximately 0.3 Torr.

The precursors are hafnium dimethylamide (C8H24N4Hf) and H2O. The deposition

of 20 nm of HfO2 requires 200 pulses of both the precursors. HfO2 is chosen as the

gate dielectric because it has a large dielectric constant (∼20).

After the dielectric deposition is over, a second round of EBL is performed to

pattern the source and drain electrodes. Finally, we etch the sample in Ar plasma

and sputter Cr/Au to complete the device fabrication process. Typically, the width

of nanobeams used in our devices is 0.3-1 µm and the thickness is 300-600 nm. Fig.

6.3a shows an optical microscope image of a field-effect transistor device. In Fig.

6.3b, an atomic force microscope (AFM) image of a device is shown.
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Figure 6.4: This shows a schematic diagram of the circuit used for electrostatic gating
experiments.
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Figure 6.5: Measurement of current-voltage characteristics between gate and drain.
A dc bias voltage is applied between the gate and drain electrodes and the current is
measured as the bias is varied. There is no significant change in current measured,
indicating that any leakage of current through the gate in actual gating experiments
can be neglected.
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6.2.3 Circuit used for electrostatic gating measurements

The conductance of our devices was measured using a low frequency ac signal from

a lock-in amplifier. Mostly two-probe measurements were done. On a few four-probe

devices, the resistances in both two-probe and four-probe configurations were checked

and found to be similar (in both the insulating and metallic phases). This indicated

that the contact resistance can be ignored in measurements on two probe devices.

Fig. 6.4 shows a schematic diagram of the circuit used for our experiments. A low

frequency ac signal is applied from the ‘sinusoidal output signal’ port of a lock-in am-

plifier to the source electrode in series with a load resistance RL. The drain terminal

is connected to the input port of the lock-in for measurement of current through the

device. The conductance (or resistance) of the VO2 nanobeam is determined from the

measurement of the current. The dc gate voltage is applied at the gate electrode from

the ‘auxiliary output’ port of the lock-in amplifier. The measurements are performed

inside a variable temperature probe station.

RL used in the circuit of Fig. 6.4 is ∼ 5 kΩ. The resistance of a the nanobeam

in the insulating state is nearly a few MΩ and RL can be neglected. However, in the

metallic state, the resistance of VO2 decreases by at least three orders of magnitude.

This greatly increases the current in the circuit. It is then that the resistance RL

becomes important. The minimum ac voltage supplied by the lock-in amplifier is 4

mV and the maximum value of current that can be measured is 1 µA. The resistance

RL limits the current (in the metallic state of VO2) from exceeding the maximum

measurable value.

Experiments on field-effect transistors often suffer from the problem of gate leak-

age. [49] A current can flow through the circuit due to the applied gate voltage if

there is some conduction through the gate (which should not be the case ideally).

This contribution can not be separated from the source-drain current when a dc volt-

age is used for source-drain bias. In our setup, this problem is removed because the

ac source-drain bias ensures that a contribution of gate leakage will not show up in

the lock-in detection of current. In addition, we ensured that gate leakage can be

entirely neglected by measuring dc I-V (current-voltage) characteristics between the

gate and drain (Fig. 6.5). The current of approximately 2.5 pA observed in Fig. 6.5 is
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Figure 6.6: Electrical transport measurements on VO2 nanobeams. (a) The resistance
of VO2 nanobeams change by three orders of magnitude across the insulator-metal
phase transition. The resistance curve is hysteretic as a function of temperature. On
the heating run, the nanobeam becomes completely metallic at 385 K. The phase
transition of individual domains is prominently seen by the presence of abrupt steps
on the cooling curve. (b) This curve shows the conductance of a VO2 device as a
function of the dc gate voltage. When the gate voltage sweep (direction of sweep is
indicated by the arrows) was started at 0 V, the resistance was 35.4 kΩ.

identical to the noise level of the current preamplifier. There is no measurable change

of the current on ramping up the dc gate-drain voltage to the maximum values used

for electrostatic gating measurements. This indicates that the gate in our devices can

be treated as a perfect dielectric for all practical purposes.

6.2.4 Temperature dependence of the resistance

The resistance of a VO2 nanobeam (half-embedded in SiO2) changes by at least

three orders of magnitude on undergoing the phase transition from the insulating

to the metallic state. As discussed earlier, the transition occurs with the formation

of alternating metal and insulator domains. This can be seen in the variation of

resistance as a function of temperature. Fig. 6.6a shows the data for both heating

and cooling runs. The presence of domains is very clear in the data for the cooling

run. The abrupt steps in resistance correspond to the transition of metal domains into
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Figure 6.7: Electrostatic gating measurements by varying the gate voltage sweep-rate.
(a) This plot shows the change in conductance G as the gate voltage Vg is varied in
a cycle. The arrow indicates the direction of sweep. The two plots indicate data
acquired for two different gate voltage sweep-rates. The cycle time for the red curve
was 10 mins and that for the blue curve was 27 mins. The area of the hysteresis loop
is larger for slower gate sweep-rate. (Note: The data corresponding to the red curve
is offset by -0.009 µS). (b) The area of the G-Vg hysteresis loop is plotted as function
of the cycle times of gate voltage sweep. the area of the loop is

∑
G△Vg, and the

summation is taken over all data points in one cycle of the gate voltage sweep.
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Chapter 6. Metal-insulator transition in VO2 and the study of nanobeam field-effect transistors

insulating state as the temperature is reduced. On the heating run, the full metallic

transition takes place at a temperature much higher than that of a free crystal. In

our devices, this temperature lies in the range of 380-400 K.

6.2.5 Effects of electrostatic gating on the conductance

We will now describe the measurements to probe the effect of electrostatic gating

on the conductance (G) of VO2 devices. The dc gate voltage (Vg) was varied slowly

in a cycle starting from 0 V. Gating effects are seen at temperatures where VO2 is

insulating, or there is a coexistence of metal and insulator domains. No gating is

observed after the nanobeams turn completely metallic.

The result of a measurement is shown in Fig. 6.6b. The limiting values for

sweeping Vg in a cycle were -2.5 V and 2.5 V. The cycle time (total time for the

completion of one cycle of the gate voltage sweep) was 20 mins. The measurement

was done at 370 K - a temperature where the system is composed of metal and

insulator domains. The response of the conductance is hysteretic. Such behaviour is

known to occur in semiconducting systems. The amount of hysteresis (quantified by

the area of the hysteresis loop) usually depends upon the rate of gate voltage sweep.

[102] We performed measurements using different sweep-rates for Vg. The result is

plotted in Fig. 6.7. It is seen that both the hysteresis loop area and the maximum

change in G with Vg become larger as the Vg sweep rate is made slower. (A slower

sweep rate is equivalent to a larger cycle time).

There is an interesting feature which is noticed in Fig. 6.6b. As the gate voltage

Vg is increased starting from 0 V, the conductance G initially increases. When Vg

reaches the extreme value of 2.5 V, the direction of sweep is reversed and Vg starts

reducing. However, although the trend of gate voltage reverses from ‘increasing with

time’ to ‘decreasing with time’ at Vg=2.5 V, the conductance G does not reverse

simultaneously. It continues to increase for a while even after Vg starts decreasing. G

starts reducing only after a finite time has gone by. This shows that the response of

the conductance to the gate voltage is not ‘instantaneous’ and there is a finite time

lag between the reversal of gate voltage and the reversal of conductance. It can be

expressed in the following way - if we denote time as t, then dG
dt

does not change sign
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Figure 6.8: The result of electrostatic gating measurements plotted as time-charts.
(a), (b), (c) The gate voltage and the conductance of a VO2 nanobeam are plotted
simultaneously for three different sweep rates (arranged in the order of fastest to
slowest sweep rates, or equivalently, the smallest to the largest cycle times). Each
plot shows the sweep of Vg over two cycles (in red). The conductance G is shown in
blue. The maxima (minima) of G does not coincide with the maxima (minima) of
Vg. This indicates the time lag in the response of the device. (The temperature at
which these measurements were performed is 360 K.)
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Figure 6.9: The normalized loop area
∑

G△Vg

G0
of a VO2 nanobeam transistor plotted

as a function of temperature near the full metallic transition.

simultaneously with dVg

dt
. It appears as if the system wants to persist in the state

of ‘increasing conductance’ for some time after the gate voltage starts reducing and

there is a ‘memory’ associated with the system. This phenomenon is observed at the

other extreme of gate-sweep (Vg=-2.5 V) also. Similar observations are also made in

Fig. 6.7a.

A better depiction of the ‘time lag’ phenomenon discussed above can be made by

plotting the G-Vg data as a time chart. This is done for gate-sweeps at three different

rates in Fig. 6.8 (the temperature was 360 K). This shows that the maxima (minima)

of G occurs at a later time than the maxima (minima) of Vg. The amount of this gap

in time increases as the rate of sweep is slowed down.

We see electrostatic gating effects in the insulating phase of VO2. It is usually most

prominent between 340-370 K, the temperature range over which the system has a

coexistence of alternating metal and insulator domains. The change in the hysteresis

loop area with temperature can be compared by computing the ‘normalized loop area’

:
∑

G△Vg

G0
, where the summation extends over one gate voltage cycle and G0 is the

conductance at Vg=0. In Fig. 6.9, we plot this quantity for temperatures close to the

full metallic transition. The ‘normalized loop area’ goes to zero at high temperatures

because electrostatic gating does not tune the conductance in the completely metallic

state of VO2.
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Figure 6.10: Electrostatic gating measurements near the insulator-metal transition.
(a) Conductance (blue) and gate voltage (red) plotted against time at two temper-
atures near the full metallic transition of VO2. The time for a cycle of gate voltage
sweep is 9 mins. (b) The temperature of a sample is increased rapidly from 343
K by heating. It reached a desired temperature of 351 K within 5 minutes. The
conductance is measured all along to determine how long it takes to stabilize. It
keeps on increasing slowly several minutes after the temperature has stabilized. (c)
Thermal creep is measured at different temperatures and is found to be maximum at
temperatures just below the transition into the completely metallic state.
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We now look at the electrostatic gating effects very close to the full metallic

transition in VO2. In Fig. 6.10a, two plots are shown corresponding to data from

the same device at 370 K and 395 K. At 370 K, the conductance is periodic with the

gate voltage and this shows that gate effects are present. At 395 K, the system is

closer to the transition to the completely metallic state. No electrostatic gating effect

is seen. However, the conductance is found to vary gradually with time. This is the

phenomenon of thermal ‘creep’ observed in all our devices. When a device is heated

to a new temperature, the conductance takes a long time to stabilize.

This is illustrated in Fig. 6.10b. A device is heated up from 343 K and the

desired temperature 351 K is reached in 5 mins. But, the conductance takes long

to stabilize. Even 15 mins after the temperature of 351 K is attained, it keeps on

increasing at a slow rate. To quantify the observations, we define a quantity called

the ‘creep’ as the fractional change in conductance over a period of 10 mins. after the

sample has reached a new temperature. In the case of Fig. 6.10b, the creep is 0.64%

corresponding to the temperature of 351 K. The device is heated by a few degrees at

different temperatures and the creep in conductance is measured. The creep becomes

very large just before the full metallic transition (Fig. 6.10c).

6.2.6 Estimate of the geometric capacitance

In the case of the data for electrostatic gating effect presented in Fig. 6.6b, there is a

maximum change of 6.4% in the conductance. In our devices, the local gate electrode

overlaps partially with the conducting channel between source and drain. It is quite

reasonable here to assume that the change in conductance arises only in the segment

of the nanobeam directly underneath the gate. For this particular device, the total

length between source and drain was 15.7 µm and the distance of overlap with the

gate was 7.0 µm. The relative change in conductance in the gate-influenced part is

estimated to be 14.4%. The VO2 nanobeam has a rectangular cross-section with a

width of 400 nm and a thickness of 230 nm above the SiO2 substrate (observed in

an AFM image). The gate electrode is present on three faces of the nanobeam and

charges will be induced on the nanobeam beneath the gate. We assume here that the

system can be treated as a parallel plate capacitor, for which capacitance C= ϵ0ϵA
d

. (ϵ

is the dielectric constant of HfO2, A is the area of overlap between the gate and the
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nanobeam and d is the thickness of the dielectric.) The capacitance is estimated to be

53 fF. The number of carriers induced by a gate voltage of 2.5 V will be 8.3×105. We

now evaluate the total number of intrinsic carriers of the VO2 nanobeam. Since the

nanobeams are almost half-embedded in SiO2 and the AFM image shows a thickness

of 230 nm above the SiO2 substrate, the total thickness is taken to be 460 nm. The

intrinsic carrier density of VO2 at the insulator-metal transition had been found to be

8×1018 cm−3 by Cao et al. [103] Therefore, the number of carriers in the nanobeam

device in the segment under the gate electrode is 1.0×107. Using these estimates,

the fractional change in the number of carriers due to electrostatic gating is 8.3%.

In terms of order of magnitude, this estimate is comparable to the relative change of

14.4% in conductance induced by the gate voltage.

6.3 Discussions

The hysteretic response of the conductance of our VO2 nanobeam field-effect devices

upon sweeping the gate voltage provides some interesting topics of discussion. The

area of the hysteresis loop in G-Vg plot and the maximum change in G with Vg are

both found to increase as the rate of sweep is slowed down (discussed earlier in the

context of Figs. 6.7 and 6.8). This is counterintuitive to what would be expected

in usual cases. Hysteretic gating effects are known to be present in semiconducting

systems. These arise because of the presence of surface states at the dielectric inter-

face that act as charge trapping centres. Dayeh et al. observed in semiconducting

nanowires that as the rate of gate voltage sweep is slowed down, the hysteretic effects

become less prominent since the system is allowed time to equilibrate. [102] Hystere-

sis due to ‘slow’ traps can have relaxation times of a few minutes. [104, 105] But,

the observations reported in these cases are the opposite of the results of our experi-

ments. It thus seems unlikely that the presence of surface trap states can explain the

hysteretic effects seen by us.

An even more intriguing phenomenon is the memory effect [106] associated with

the time lag in response of the conductance to the changing gate voltage. There have

been indications in other studies also that such effects may exist in VO2. Effects which

persist upon the removal of an applied gate voltage have been reported by Qazilbash
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et al. [107] in studies of the infrared response of gated VO2 films. Ruzmetov et al.

had reported that when a gate voltage is applied to a VO2 film, the conductance

keeps on changing for a long time after the voltage has been fixed at a constant value.

[49] This observation has been attributed by the authors to charge trapping effects.

However, in our experiments, it seems that charge traps can not offer an explanation.

Driscoll et al. had realized memristive systems from two terminal devices of VO2

films. [45] The device was maintained at a temperature in the insulating phase very

close to the phase transition temperature. Short current pulses were sent through it.

At each pulse, the resistance changed abruptly and latched onto the new value even

after the pulse was removed. This kind of memristive behaviour can arise due to local

Joule heating. The insulator-metal transition in VO2 is first order and the resistance

shows a hysteresis with temperature on successive heating and cooling runs. Passage

of current can heat up the VO2 film locally and even if these heated regions cool down

after the withdrawal of the pulse, the resistance does not regain its previous value.

In our devices, gate leak is absent and local heating effects can be entirely ruled out.

The implication of our studies is that memory effects in VO2 may be gate-tunable.

We conclude by suggesting a microscopic picture that may lead to a possible

explanation of our results. The thermal creep can be explained by assuming that the

mechanical relaxation time in VO2 is large. Under such a condition, when the system

is heated to a new temperature, the stress pattern (and the relative sizes of domains)

would take a long time to settle down. Consequently, the conductance will also take

a considerable amount of time to stabilize. The VO2 crystal has an antiferroelectric

dipolar arrangement that can be affected by the doping of carriers. [103] The coupling

strength between the antiferroelectric dipoles may depend upon the distance between

lattice sites. This couples the dipolar arrangement with the strain state of the crystal.

The gate voltage, through its influence upon the electronic state, will also affect the

strain in the system. Due to the aforementioned coupling, the timescale for relaxation

of the dipolar arrangement will be similar to that of mechanical relaxation. This may

explain the slow processes resulting in both the time lag seen in gating response as

well as the phenomenon of thermal creep.
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Chapter 7

Summary and future directions

In this thesis, we have discussed some experiments on nanoscale systems associated

with two types of phase transitions - the charge density wave (CDW) transition and

the metal-insulator transition. The devices fabricated for our studies are all in the

form of field-effect transistors (FET). The material to be investigated is contacted

with source and drain electrodes and serves as the active channel of the FET. There

is a gate electrode to tune the carrier density of the transistor.

In the studies with CDW systems, we probed the elastic properties of nanoscale

crystals of NbSe2 (Chapter 4) and NbSe3 (Chapter 5). In these experiments, the

gate electrode was used to not only tune the density of carriers, but also to actuate

mechanical oscillations of the suspended device. The measured quantity is the reso-

nant frequency of oscillations and it provides information about the elastic modulus

of the system. It was observed for both NbSe2 [108] and NbSe3 that at temperatures

near the CDW transition, the elastic modulus undergoes a large and abrupt change

amounting to a relative variation of 10% or even larger. The two materials we have

worked with show different types of charge density wave ordering - NbSe2 has quasi-

two-dimensional and NbSe3 has quasi-one-dimensional CDW. The sharp feature of the

modification of the elastic modulus was observed for both these systems and these

are in striking contrast to the known behaviour of bulk crystals, where only changes

of the order of 10−3 are known. [23, 24] The elastic response of CDW systems can be

much different from those of macroscopic crystals when probed at lengthscales of the
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order of the CDW phase coherence length.

The results of the NbSe3 resonator experiments can be understood in terms of

the electromagnetic response of a CDW at RF frequencies. [89] The conclusion is

intriguing - the elastic response in our devices is being modified by the interaction

between the ionic lattice and the coherent electronic condensate. The small lengths of

the nanowires lead to phonon modes of tens of MHz being excited in the resonators.

This brings them close to the frequency of the CDW plasmon mode. The charge

density wave, being a coherent object, has an effective mass of approximately 104

times the mass of a free electron. In addition, NbSe3 has a large dielectric constant.

[88] Both these factors contribute to the lowering of the CDW plasmon frequency,

enabling it to couple to the lattice modes of vibration. Based on our experimental

results on two different systems, it appears that a large modification of the elastic

response at the nanoscale may possibly be a general feature of CDW systems. Our

results suggest that NEMS can be a tool for achieving a phonon-plasmon coupling.

Further application of CDW systems are possible for research in nanoscale devices

utilizing their electrical transport properties. One such application can be in the field

of Coulomb drag [109, 110, 111] experiments. In such experiments, the motion of

electrons in a biased conducting channel ‘drag’ the conduction electrons of a second

channel placed parallel in close proximity. It may be possible to observe such a

‘drag’ phenomenon between a biased NbSe3 nanowire and a neighbouring conducting

channel, by changing the bias voltage across the NbSe3 so that the CDW slides.

Experiments to probe the Coulomb drag due to the motion of the charge density wave

condensate on a neighbouring specimen can be an interesting study to undertake.

In Chapter 6, we described an experiment on VO2 nanobeam field-effect transistors

in which HfO2 was used as the gate dielectric. [112] We showed that the conductance is

tunable by changing the gate voltage. The nanobeams are clamped onto the substrate,

that leads to a tensile strain in the system as it is heated across the insulator-metal

transition. The transition temperature is shifted to higher temperatures (in the range

of 380-400 K). The electrostatic gating effect is quite appreciable at temperatures

where the system is divided into metal and insulator domains.

The interesting observation was that the gate induced modification of conductance

was hysteretic and there was a ‘time lag’ in the response of the conductance to the

106



gate voltage. This phenomenon can be identified as a type of ‘memory’ effect. The

phase transition in VO2 is first order and hysteresis in conductance is known to occur

on heating and cooling cycles. There have been attempts to realize phase transition

memory devices from VO2. [45] Experiments on VO2 thin films had shown that the

conductance switches and stabilizes at a new value upon the application of short

current pulses. This can occur due to local heating inside the crystal combined with

the hysteretic nature of the phase transition. In our devices, heating effects can be

ruled out. It is noteworthy that hysteretic modulation of conductance occurs on the

application of a gate voltage only.

Field-effect transistors of VO2 [47, 48, 49] is a very rapidly developing field and

it has progressed a lot since our work was completed. [113, 114, 115, 50] A very

important development has been in the direction of achieving electrostatic gating

using a liquid dielectric. This achieves a much more pronounced tunability of the

conductance - as large as three orders of magnitude. [50] The liquid dielectric leads

to the development of a layer of induced charge at the surface, and this triggers the

transition from the insulating to the metallic state. [50]

The strong influence of the strain on the characteristics of the metal-insulator

transition makes VO2 a suitable candidate for investigations using the technique of

nanomechanical resonators to probe the variation of elastic response across the phase

transition. Another interesting study will be the features of the insulating phase

itself. Depending upon the temperature and strain state, the insulating phase can

exist in two different forms of monoclinic structures, referred to as M1 and M2. [100]

The crystal structures of these two types of phases are slightly different, and so are

the values of conductivity. Experiments with NEMS fabricated from VO2 can be

designed to simultaneously query the elastic response and the conductivity. This can

reveal new features of the M1 and M2 phases of VO2 nanobeams.
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