Chapter 10:
Beyond €lectrical Conductance:
Shot Noise and Thermopouler
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10.0 Reminder: Landauer Formula and Transmission
Coefficients

L
tnm

elastic
scattering
potential

reservoir 1 lead 1

'm
4—

Channels are scattering eigenstates, 7; are eigenvalues

|

|

|

I [ ]
lead 2 ! reservoir 2

:

|

2 N M N
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Problem: G measures sum of .
No information about individual 7 available from measuring G!

Note: In this chapter we use rinstead of T for labeling the transmission coefficients.




10.0 Reminder to Chapter 7: Experimental Determination of
Transmission Coefficients of Metallic Contacts
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Superconducting IVs: Nonlinearities due o MAR



10.1 Nonlinear Functions of Transport Channels

Shot noise: v. d. Brom & v. Ruitenbeek, PRL 82 (1999) 1526, R. Cron et
al., PRL 86 (2001) 4104
i

Conductance fluctuations: Ludoph et al., PRL 82 (1999) 1530
AG oc Zz'iz(l— T.)
i

Thermopower fluctuations:
Ludoph et al., PRB 59 (1999) 12290

O oC Zfiz(l—ri)
Supercurrent: Goffman et al., PIRL 85 (2000) 170
I, ¢ Y 7;(1-7;8in*(5/2))* cos(5/ 2)

Superconducting IVs/MAR: Scheer et al., PRL 78 (1997) 3535
— can be used for measuring channels



10.1 Shot noise

Intrinsic current fluctuations of an

. . e Thermal fluctuations:
electrical resistor:

Johnson SI — 4kBTG

|(t) /Nyquist noise
| M U M LV o * Non-equilibrium fluctuations
OB b I (shot noise): randomly distributed
. tunneling of g discrete charges.
time it o B |
Noise: Definition M A M_M M‘
— o | Itir'ne
S| (a)) — 2-[ dtela)t<A| (t + tO)AI (to) > 1/v, v = attempt frequency = 2eV/h

Af(t) = IA(t) — < IA(t)> (W. Schottky 1918)



10.1 Shot noise in atomic contacts
R, Cron, M. Goffman, D. Esteve and C. Urbina, Phys. Rev. Lett. 86, 4104 (2001)
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10.1 Shot noise in atomic contacts

H.E. van den Brom et al, Phys. Rev. Lett. 82, 1526 (1999)
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10.1 Pt-hydrogen-Pt junctions: Conductance histograms

RH-M. Smit, Y. Noat, C. Untiedt, N.D.

Lang, M.C. van Hemert, J.M. van Ruitenbeek,

Nature 419, 906 (2002)
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The hydrogen molecule forms a stable
bridge between Pt electrodes.
The conductance is G = G, and is largely
dominated by a single conduction channel.
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10.1 Pt-hydrogen-Pt junctions:

Shot noise measurements

D. Djukic and J. M. van Ruitenbeek, Nano Lett. 6, 789 (2006).
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10.1 Pt-benzene-Pt junctions:
Conductance histogram

M. Kiguchi et al. Phys. Rev. Lett. 101, 046801 (2008)
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The introduction of benzene supresses the formation of pure Pt
confacts.

New junctions with preferred conductance of 16, and sometimes 0.26,
are formed while stretching the contact.



10.1 Pt-benzene-Pt junctions:
Shot noise measurements
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« Several channels contribute to transport for high conductances (ca. 16,).

« The number of channels is reduced to one when the conductance is reduced
to around 0.26,,



| 0.2 Thermopouwer

 Thermopower (or Seebeck coefficient):

T T+AT 5 AV AV = thermoelectrical voltage
B 5 5 -

temperature difference
Vv V+AV

 Thermopower in the coherent transport regime:

S

1 [ (E-wr(E)[6f(T,E)/6E]dE. { 7(E) = transmission

eT J‘_‘” r(E)[f (T, E)/ 6E|dE | f (E) = Fermi function

Low-temperature expansion:
a - ™
s_ T kaT 7(Ep)
e 7(E;)
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| O.2 Thermopouwer measurements of Au atomic
contacts

B. Ludoph and J. M. Van Ruitenbeek, Phys. Rev. B 59, 12290 (1999)

Thermopower vs. piezo voltage
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| O.2 Thermopouwer measurements of Au atomic contacts

B. Ludoph and J.M. Van Ruitenbeek, Phys. Rev. B 59, 12290 (1999)

Thermopower vs. conductance Standard deviation vs. conductance
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* The thermopower can be both positive and negative, but it vanishes on average.
e The thermopower fluctuations of Au reach a minimum close to 1G,,.

* Interpretation: the thermopower is due to interference effects induced by the
presence of impurities nearby the contact region.



10.2 Why thermopouwer of molecular junctionse
M. Paulsson and S. Datta, Phys. Rev. B 67, 241403 (2003).

o Itismeasurable.
o Itgivesvaluable information about the location of the Fermi level.
» Itisratherinsensitive to the details of the coupling to the contacts.
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10.2 Thermopouwer measurements in molecular junctions

K. Baheti, JA. Malen, P. Doak, P. Reddy, S.-Y. Jang, T. Don Tilley, Arun Majumdar, and R, A. Segalman,
Nano Lett. 8 715 (2008).
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0.2 Probing the chemistry of molecular
heterojunctions using thermoelectricity

K. Baheti, JA. Malen, . Doak, P. Reddy, S.-Y. Jang, T. Don Tilley, Arun Majumdar, and R, A. Segalman,

Nano Lett. 8 715 (2008).

Study of the effect of different substituents and end groups
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10.2 Thermopouwler measurements in molecular junctions

200
106] /"“"" 5T =20K P. Reddy, S.-Y. Jang, RA. Segalman and
102 A. Majumdar, Science 315, 1568 (2007).
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0.2 Probing the chemistry of molecular
heterojunctions using thermoelectricity

K. Baheti, JA. Malen, . Doak, P. Reddy, S.-Y. Jang, T. Don Tilley, Arun Majumdar, and R, A. Segalman,
Nano Lett. 8, 715, (2008).
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Fermi level.
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Transportis dominated by the LUMO.
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10.2 Ab-initio studies of the thermopouwer
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P. Reddy et al., Science 2007
F. Pauly et al., PRB 2008

EXp.:
Theory:

Influence of conjugation Cgo junctions

S. Bilan et al., PRB 2012

F. Pauly et al., PRB 2008
M. Birkle et al., PRB 2012




| 0.2 Towards efficient thermoelectrics

Thermoelectric elements

 Conversion of waste heat into

electrical energy
» Nanorefrigerators

Figure of merit: ZT=S?GT/k Phonon transport

Thermopower S
Temperature T ¢
Electric conductance G ‘
Thermal conductance x

R. A. Segalman (UC Berkeley):

R.Y. Wang et al., Nano Lett. 2008

mm) Ultimate Goal: Enhancement of ZT through appropriate nanostructuring
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