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Understanding the force-induced conductance fluctuation in molecules is essen-
tial for building molecular devices with high stability. While stiffness of molecule
is usually considered to be desirable for stable conductance, we demonstrate
mechanical dragging in viscoelastic molecules integrates both noise resistance
and mechanical controllability to molecular conductance. Via conductive atomic
force microscope measurement and theoretical modeling, it’s found that viscoelas-
tic Azurin monolayer has spectrum-like pattern of conductance corresponding to
the duration and strength of applied mechanical pulse under low-frequency exci-
tation. Conductance fluctuation is prevented under high-frequency excitation by
dragging dissipation, which qualifies molecular junction with electric robustness
against mechanical noise. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5003766

I. INTRODUCTION

Molecular electronics aims to build electrical components using individual or ensemble
molecules.! This promising technique meets the increasing demands for miniaturization of electronic
components such as diode, memory and switching,” and provides an ideal carrier for achieving
highly functional devices that responds to mechanical force, thermal effects, optic effects, etc.®~'0
Mechanical force can influence molecular conductance by initiating structural phase transition, affect-
ing the molecule-electrode interaction and introducing deformation of molecular junctions.'!~14
Among these cases, deformation-induced conductance fluctuation has been spotlighted because it
is a universal effect that independent on the chemical component.'3-1©

Since the tunneling current of the molecular junction is exponential correlated with the electrode-
to-electrode distance,!” the molecule conductance should be very sensitive to the deformation.
Therefore, it is usually considered that molecules with high stiffness (such as alkane) have sta-
ble conductance under mechanical load, and conductance of low stiffness molecules (such as
bio-marcomolecules) are more easily influenced by force. Most of previous studies investigate
this subject via static and quasi-static measurements, and might not be comprehensive under
dynamic loading especially for viscoelastic bio-marcomolecules. Viscoelasticity exists widely in
bio-marcomolecules, which is caused by the dragging and restoring force between coiled back-
bones.!> The dragging effect generates time-dependent structural change instead of instantaneous
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deformation under force. Thus dynamic behaviors such as damped vibrating and frequency-limited
response can be observed in viscoelastic molecules.'® The influences of these dynamic effects on
response of molecular conductance have not been explored. Clarifying the issue will provide new
insights into the understanding of mechanical controllability and stability of electric properties of
molecule.

In view of these considerations, we conduct an indepth study on the conductance response
of viscoelastic molecules under dynamic loads. The conductance response of bio-marcomolecule
monolayer under mechanical pulse is characterized via conductive atomic force microscopy
(CAFM). Theoretical model for conductance response of viscoelastic molecule under mechan-
ical stimuli is developed to explore the time-dependent effect. The influence of mechanical
properties of molecular monolayer on the conductance response has also been analyzed and
summarized.

Il. EXPERIMENT

An electron-mediating protein Azurin (Az) is used as the sample for characterizing the dynamic
conductance response in bio-macromolecule. Az monolayer was obtained by immersing an atomic
flat Au substrate in SuM Az (Sigma A3672) solution in acetate buffer for at least 2 hours, followed by
thorough rinsing with ultrapure water and blown dry with nitrogen. The thickness of Az monolayer
was 2.74+0.45nm, which approved there was only one layer of molecules on substrate. To obtain
the force-induced conductance response of Az monolayer, we measured the /-t curves of the sample
using CAFM (CSPM 5500, Being Co. Ltd) and a pyramid gold-coated probe with 0.2N/m force
constant. In the measurement, the input voltage for vertical channel of scanner was controlled to
cycle with period of 10000ms, which induced a triangular mechanical pulse with peak force of
30nN on Az monolayer. Meanwhile, 0.5V bias was applied between the tip and substrate. And the
current signal as well as tip force during the loading cycle were recorded and illustrated as function
of time. Typical result is shown in Fig. 1. Rather than increased synchronously with tip force, the
current reached its peak value after the unloading phase begins. As the force decreased, current signal
maintained for about 1s and then vanished. The time-delayed characteristic makes the conductance
response of Az under force like a kind of memory behavior. This memory-like pattern indicates
the structural change in Az lags behind mechanical load and is able to restore after the force is
withdraws. Lagging and restoration are the two main features of dynamic deformation in viscoelastic
molecules, which evidence the strong connection between the dynamic conductance response and
viscoelasticity of Az.
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FIG. 1. (a) The I-¢ curves of Az monolayer under triangular pulse, in which red line with circles represents the theoretical I-¢
curve and the one without circle is experimental one. (b) The mechanical pulse showed as the blue lines. Inset: the schematic
diagram of CAFM measurements and the Kelvin—Voight model for Az monolayer.



105326-3 Chen et al. AIP Advances 7, 105326 (2017)

lll. THEORETICAL MODEL

To constitute the theoretical model of this memory behavior, we adopt Kelvin-Voigt model to
describe the deformation of Az monolayer under tip force. The dynamic response of Az is given as
Ex+nx=F(t), where F(t) is the tip force, x is the normal displacement of the monolayer, ¢ is time, E
and ny are the stiffness and viscous drag coefficient respectively. This model well explains the lagging
and restoration in bio-marcomolecules by introducing the internal restoring force Ex and dragging
force, nx'®!° thus it is suitable for our case. Following the CAFM experiment, F(f) can be written as

_ kt, 0<t<T/2)
FO=\ _ksar, ri2<i<1)
F(t) into Kelvin-Voigt model, x(#) can then be solved as,

kn _e  k kn T
Ee ’7+EI—BTZ, (0Sl‘<§)
kn 2kn e\ _E k kn (p
[E—Q—Fez’l] e n +E (T—l] + — (ESIST)

where k represents load rate and 7 is load period. By substituting

x(t)=

The tunneling current in Az monolayer can be given by Simmons tunneling model,?%?!

1= o (2= o |25 (o )
(o L)ex [_wmﬁ (0+<) a } @

2 h 2

where barrier height @ and barrier thickness d are the two structural factors affecting the conductance,
D is the diameter of contact area, V is applied voltage, ¢ and m are the charge and effective mass
of electron, respectively. For Au/Az/Au junction, the barrier thickness is equivalent to the thickness
of Az monolayer.>>?* When the monolayer is compressed by tip force, the barrier thickness dy is
reduced to d(t) = dy —x(t), which causes the conductance fluctuation. During the compression, barrier
height @ decreases with the decrease of barrier thickness because of the atoms compacting,?* which
also contributes to the conductance response.

IV. RESULTS AND DISCUSSIONS

In order to verify our theoretical model, a numerical calculation has been performed to sim-
ulate the conductance response of Az monolayer under triangular pulses. The initial thickness of
Az monolayer before loading is dg = 3 x 10™ m. The load period is set to T = 6000ms accord-
ing to the contact time of the AFM tip and the monolayer shown in the Force-Distance curve
(Fig. 1(b)). The peak force is 30nN, implying the loading rate k = 1 x 107® N/s. In the CAFM
tests, the conductive tip has a curvature radius of 25nm, which gives approximately D ~ 20nm. For
the other physical constants, 7i=1.0546 x 10734 - 5, m = 9.1094 x 103'kg and e = 1.6 x 1071°C
are used in the calculation. The value of barrier height of Az can be given by ® = 0.15017 + 8.065
x 107 d(1) according to static data from previous article.?> As illustrated in Fig. 1, theoretical I-¢
curve is in good agreement with the experimental data under fitted parameters E = 14.7 N/m and
n = 9N - s/m. And it succeeds in reproducing the memory-like behavior of conductance response
in Az, which demonstrates the influences of viscoelasticity and validates our model. According to
the fitted values of E and the curvature radius of CAFM tip, the Young’s modulus of Az monolayer
can be estimated to be 110MPa, which is within the range of bio-macromolecules reported by bulk
determinations (1-2500MPa) and is close to fibrillin or globular proteins like lactate oxidase.?6-’
The drag coefficient i gives a kinetic viscosity coefficient of 3GPa - s, which is closed to organic
polymer such as polyvinylidene fluoride (24GPa - s).%® Both of the estimations show the parame-
ters E and 1 deduce mechanical coefficients within reasonable range, proving the fitted values are
appropriate.

Three key variables are defined to characterize the memory behavior of Az monolayer, which
are peak-current as memory strength 7,5, half-peak width of current as memory endurance 7',,., and
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the interval time between peak force and peak current as delay time 7'4. These three key variables
can be solved from Eq. (1)—(2) as:

ET. T
szZ%ln (2e2n —1] - 3)
-2
_ T _Dzhe kn  2kn & 7ln[2e%—l] k n &r kn
ImS_I(Tdt-'-E)_E d()— E—Fe7 e +E|:T_Eln(287_l):|+ﬁ
eV 2(2m)? eV 2 kn  2kn m _m[ze%_l]
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where ¢| and t; are the two roots of equation /(f) = %Ims. The memory characteristics of Az under
different peak force and load period have been analyzed and illustrated in Fig. 2. Peak force has
great influence on /,,; (Fig. 2(a) and 2(b)). With 6s load period and 0.5V applied voltage, I, rapidly
enhances about 35 times when the peak force is increased from 24nN to 30nN. Meanwhile, T,
and T, are barely affected. In addition to the magnitude of force, conductance of Az monolayer is
also found to respond to the duration of the mechanical pulse (Fig. 2(c) and 2(d)). Under the same
peak force of 30nN, /,,; with load period of 2s increase from 0.002nA to 5.4nA with load period of
6s. Meanwhile, T, and T4 are 87% and 16% longer. These results are in correspondence with our
previous experimental observations.'® As shown in Fig. S1 and Fig. S2 of supplementary material,

a)e6F T T b) 8F T T
@ Load period = 6s 30 (b) Load period =6s 1 0.44 |4
P ——30.0nN
——285nN =6l . . o
——2700N | ge =
=4 0Z £ @ {04 8
< —~ ? © o
= L 54 J040 £ 3
o -
32 {1078 é‘ § 17z
[] 2k
- § —a— Tme %E)
—h—Tdt J0.0
o ——Ims 06
24 26 28 30 32
Peak force (nN)
c d 8 T T T T T T
©) o @ Peak force = 30nN | 0.44

L
o
o

Current (nA)

o = N
o o
Load force (nN)
Memory strength (
o N S
S S
F 8 ]
Delay time (s)
= =)
o w
Memory endurance (s|

FIG. 2. Influences of load parameters on memory characteristics. (a) /-t and F-¢ curves with different peak force from 24.0nN
to 30.0nN with a fixed load period of 6s. (b) The dependence of Tye, T4 and I, on peak force. (c) I- and F-t curves with
different load period from 2.0s to 6.0s under fixed peak force of 30nN. (d) The corresponding T e, T 4 and I,,,5 under different
load period.
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the controllability of Az conductance response under different peak force and load period have been
demonstrated via CAFM measurements using spherical tip with a curvature radius of 1 um. Our model
is able to reproduce these data with mechanical parameters E; = ( “TDf)zE and n5 = (/%)217, where D
is the contact diameter between the spherical tip and monolayer according to Hertz model, a, =1
+ 0.35 are correction factors that corresponding to the uncertainness of tip-sample contact. The impure
peaks in Fig. S1 of the supplementary material are also caused by the influence of large contact area
under spherical tip and the morphology fluctuation of Az monolayer. The effect of load period
introduces extra control method to the molecular conductance. In the case that only the magnitude
of conductance response is concerned, certain /,,; can be aroused by either short mechanical pulse
with high peak force or weak pulse with long load period. Accordingly, Az monolayer can acts as a
logical OR gate. Furthermore, even though different pulses could produce the same /,,, longer load
period will results in longer T, and T 4. Therefore, in case all three key variables are considered, Az
monolayer has unique time-resolved pattern of /-¢ curve for certain mechanical pulse. We define this
spectrum like /-¢ curve that triggered by dynamic load as mechanics-modulated tunneling spectrum
(MTS). The diversiform MTS under different mechanical pulses reflect the multi-state characteristic
of memory behavior in Az monolayer.

One important conclusion of above calculation is that mechanical pulse with shorter load period
will result in MTS with smaller /,,,5. This is because the internal dragging force retards the structural
change of molecule. The insensitivity of Az conductance under short period mechanical pulse implies
the electric stability against high frequency mechanical noise. To reveal this property, Az MTS under
combined load consisting of triangular pulse and sinusoidal noise have been calculated. As shown in
Fig. 3(a), sinusoidal noise with amplitude A = 5nN and frequency f = SHz induces obvious deviation
to original MTS under pure triangular pulse. The current fluctuation is about 2nA. With higher
frequency f = 20Hz (Fig. 3(b)), the current fluctuation is reduced to 0.25nA, which is insignificant
compared to SnA peak current in original MTS. Our results prove that conductance of viscoelastic Az
is robust against high-frequency excitation. At the same time, it is controllable with low-frequency
load. This property is analogous to the low-pass effect in RC circuits, which provides a new strategy
for anti-interference in molecular junction instead of choosing high stiffness molecules and sacrifices
mechanical controllability.

The dependence between MTS and applied voltage has been studied and summarized in Fig. 4.
By fixing peak force to 30nN and considering load period as independent variable, /,,; under different
applied voltage from 0.1V to 2.0V have been calculated (Fig. 4(a)). While overall /,,; under 2V are
several orders of magnitude higher than that under 0.1V, I,,; variation between load period of 1s
and 6s is one orders of magnitude higher under 0.1V. A similar pattern is validated with fixed load
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FIG. 3. MTS under combination of triangular pulse and sinusoidal noise with (a) 5Hz and (b) 20Hz.
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a b
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FIG. 4. Memory strength under different bias voltage from 0.1V to 2.0V, when (a) peak force is fixed to 30nN and (b) load
period is anchored to 6s, respectively.

period and considering peak force as independent variable (Fig. 4(b)). Consequently, MTS has strong
signal under high voltage. And the controllable range of MTS is broader under lower voltage, which
therefore enhance the low-pass effect.

Since the memory behavior and low-pass effect of Az is origin from viscoelasticity, similar
phenomena must exist in other viscoelastic molecules as well. A nature question is that how will the
mechanical properties of different viscoelastic molecules affect the stability and controllability of
their conductance. To address this issue, we investigate the influence of stiffness £ and viscous drag
coefficient n on MTS. For a certain molecule, ® and d( can be obtained via I-V measurement and
AFM scanning, respectively. Thus they are treated as known parameters in the following analysis.
And their values in Az are used for instantiation. Under triangular pulse with load period of 6s and
peak force of 30nN, the influence of E and n on MTS has been calculated and shown in Fig.5.
With 13.3% higher stiffness, 1,,; and Ty decrease by 94.4% and 11.6%, but the change in T, is
neglectable (Fig. 5(a)). When the viscous coefficient is increased from 9N - s/m to 13N - s/m, I,
reduces 84.7%. Meanwhile T, and Ty is 17.5% and 41.8% higher, respectively (Fig. 5(b)). More
comprehensive results are presented in 3D graphics of 1,5, T and T4 as functions of both E and
n in Fig. 5(c)—(e). Molecules with higher stiffness undergo less deformation and quicker restoration,
which limits the variation and time-delayed characteristic of conductance response. Higher viscous
drag coefficient also reduces deformation and /. In contrast to stiffness, it takes longer time for the
molecule to restore so that 7', and Ty, are lengthened. These data are helpful for utilizing viscoelastic
molecules to fabricate functional molecular devices. For example, molecules with high 7 can store
the information of mechanical force for significant duration, which make it suitable for building
mechanics-modulated multi-state memory.
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FIG. 5. The current and displacement under triangular pulse with (a) different stiffness and (b) viscous coefficient. 3D graphs
of (¢) Iys, (d) T4, and (e) T e as the function of stiffness and viscous coefficient.
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V. CONCLUSIONS

In summary, the force-induced conductance response in viscoelastic molecules is studied. By
proposing the concept of MTS, we demonstrate conductance of viscoelastic Az monolayer responds
to both duration and strength of low-frequency mechanical pulse. It is further revealed that inter-
nal dragging force prevents conductance fluctuation under high-frequency excitations, bringing Az
monolayer the robustness against high-frequency mechanical noise. The influences of voltage and
mechanical properties on MTS have also been explored, which shows the dragging effect in vis-
coelastic molecules plays an important role in potential applications such as molecular multi-state
memory.

SUPPLEMENTARY MATERIAL

See supplementary material for the experimental and theoretical results of controllability of Az
conductance response under different peak force and load period.
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