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ABSTRACT

Electron Tunneling Studies Of Mn12-Acetate. (May 2008)

Lianxi Ma, B.S., Hebei University. P.R. China;

M.S., Hebei University. P.R. China;

Ph.D., Institute of Physics, Chinese Academy of Sciences. P.R. China

Chair of Advisory Committee: Dr. Glenn Agnolet

We used self-assembling tunnel junctions (SATJs) to study the electron trans-

port through films of the molecular magnets, Mn12-Acetate. Pulse laser deposition

(PLD) was used to deposit two monolayers of Mn12-Acetate on thin Pt wires (diame-

ter 0.001 in). The electron tunneling current was measured with typical bias voltages

from -1 to 1 V at liquid helium temperature, 4.2 K. I, dI/dV , and d2I/dV 2 signals

were directly acquired with the aid of a current amplifier and two lock-in-amplifiers.

Results show that the differential conductance is approximately 10−6 S for bias volt-

ages 0.04 V ≤| V |≤ 1 V and exhibits a strong voltage dependence. In the region

| V |≤ 0.04 V, we find a zero-bias feature (ZBF) in which the differential conductance

is suppressed. In some samples, we observe I − V staircases which we attribute to

electrons “hopping” between the electrodes and the molecules. The observed hystere-

sis was attributed to the slow relaxation of molecules re-orienting within the junction.

Abrupt conductance jumps at a bias voltage of -0.12 V were also observed and may

indicate state transitions in the Mn12-Acetate molecules. Furthermore, we observed

that the zero bias feature (ZBF) can switch from an enhancement to a suppression

of the differential conductance.

A dip and dry (DAD) method was also used to form films of Mn12-Acetate on

Al and Pt wires. Although the conductances were similar to those obtained using the
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PLD method, there were some subtle differences. In particular, we did not observe

the I − V staircases and the state jumps were more ambiguous. The differential

conductance for the Mn12-Acetate films on Al wires were typically 10
−7 S, which we

attributed to the oxide layer on Al surfaces.

We have also found substantial changes in the I − V characteristics when the

Pt wires coated with the Mn12-Acetate films were stored in 10
−2 Torr for 6 months.

In particular, we observed many new features such as peaks in the conductance as a

function as the bias voltage. We believe that these effects may be caused by the slow

oxidation of the Mn12-Acetate molecules.
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CHAPTER I

INTRODUCTION

Speculations about the microscopic structure of matter have intrigued human

kind for thousands of years. Ancient Greek philosophers, including Leucippus and

Democritus, considered the question of what would happen if someone took a small

object, like a block of copper, and cut it in half, then cut it in half again, and again,

for many subsequent divisions [1]. They reasoned that eventually one would reduce

the block to a single speck of copper that could not be divided further. This smallest

piece of an element was called the atom (a + tom), which literally means “without

division”. It was not until the late nineteenth century, however, that the question of

atoms began to yield to direct scientific investigation.

In 1897, the English physicist J.J. Thomson discovered a “particle” that was

much smaller in size and thousands of times less massive than even the smallest atom

[2]. The electron, as this particle was named, was also found to have a negative elec-

trical charge. These microscopic particles exhibited behavior different from large or

classical objects. People began to understand these new properties with the develop-

ment of quantum mechanics that was initiated by the German physicist Max Planck

during the years of 1900 and 1901 [3]. Electrons and quantum effects will play an

important role in our electron tunneling study.

Let us consider a particle encountering a potential barrier in which the potential

energy is larger than the kinetic energy of the particle. From the viewpoint of classical

mechanics, this particle would be reflected back - it could never reach the other

side of the barrier. In quantum mechanics, however, a particle is described by a

The journal style is Physical Review B.
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wavefunction Ψ. The probability density to find the particle is Ψ∗Ψ, which shows

smooth behavior even when the potential energy is discontinuous. When a particle

encounters a potential barrier that is higher than its kinetic energy, Ψ does not vanish

at the boundary but penetrates into the barrier; decreasing exponentially. For tunnel

barriers that are sufficiently thin, there will be a probability that the particle can be

found on the opposite side of the potential barrier. In the case that these particles

are electrons, the transmission through the barrier produces a tunneling current that

can easily be measured.

The first phenomena to be identified and convincingly explained in terms of

this tunneling phenomenon were identified in 1928: the alpha decay of some heavy

nuclei [4]; ionization of hydrogen atoms in a strong electric field [5]; and electron

emission from a cold, clean metal surface in a strong electric field [6]. A significant

application of this tunneling phenomenon in scientific research and industry occurred

between 1965 and 1971, when Russel D. Young, of the National Bureau of Standards,

combined the detection of the tunneling current with a scanning device in order to

obtain information about the nature of metallic surfaces [7]. The instrument, named

topografiner, altered the separation (z) between the tip and the surface so that, at

constant voltage, the tunneling current (or, at constant current, the tunneling voltage)

remained constant as the tip was scanned over the surface. By recording the x, y,

and z coordinates of the tip, a topographic map of the surface could be obtained.

This same principle was later used in the scanning tunneling microscope (STM).

The remaining barrier to the development of the STM - more adequate vibration

isolation, was achieved through the work of Gerd Binnig and Heinrich Rohrer, at

the IBM Research Laboratory in Zurich, Switzerland [8]. In 1986 they shared in the

Nobel Prize in Physics for their demonstration of atomic resolution using the scanning

tunneling microscope.
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Measurement of the dependence of the tunneling current (I) on the bias volt-

age (V ) can also provide information about the properties of the tunnel barrier. In

1966, R.C. Jaklevic and J. Lambe [9] found that when the tunneling electrons interact

with molecules located at the metal - oxide interface, it was possible to excite the

vibrational modes of the molecules. This interaction causes a step increase in the

differential conductance, G, at a bias voltage corresponding to the vibrational fre-

quency ν of the vibrational mode of the molecule, i.e., eV = hν. In addition dG/dV

(or d2I/dV 2) will exhibit a peak at this voltage that corresponds to the resonance of

the particular vibrational mode of the molecule. This principle forms the basis for

inelastic electron tunneling spectroscopy (IETS). In a metal-insulator-metal junction

(MIM), the first electrode is formed by vapor depositing a metallic film (aluminum)

on the surface of a glass or other inert substrate. After growing an oxide layer on

the surface of the first electrode, the molecules to be studied are introduced and an-

other metal film (typically lead) is deposited over the oxide layer to form the second

electrode. Data is typically taken at low temperatures in order to reduce the noise

associated with thermal excitations.

Although IETS has proven useful, it is not without inherent difficulties and

systematic problems [10]. In the traditional MIM junction, the oxide layer and the

metal film that is deposited directly on top of the molecules can perturb the molecules

and cause changes in the spectra of the molecules [11]. Another technical problem

is that these junctions must be fabricated and doped with the molecules at room

temperature. Furthermore, it is difficult to easily dope junctions with aromatics such

as benzene, since they evaporate easily at room temperature [12]. Great care must

also be taken in the cleanliness and overall preparation of these thin film junctions

to avoid conducting “pinholes” and other contaminants that can cause an electrical

short in the junction. If one could fabricate and dope the tunnel junction “in situ”
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at low temperatures, then one could easily take the junction apart and reform it if

the properties of the junction were unsuitable. Such a device would clearly be a

significant improvement.

In 1990, S. Gregory [13, 14] invented the self-assembling tunnel junction (SATJ).

A schematic view of the tunneling geometry is shown in Fig. 1. The junction consists

of a straight metal wire and a curved wire that are placed in a magnetic field that is

parallel to the straight wire. A deflection current is applied to the curved wire and

the Ampere magnetic force bends it towards the straight wire. To prevent the wires

from making direct contact, a thin gas film is adsorbed onto the wires. A junction is

then formed at the contact point between the two wires. Gregory used hydrogen and

helium but Zimmerman [10] found that the properties of neon make it an excellent

choice for the junction barrier. If the barrier film is sufficiently thin (a few to tens

of Angstroms), a measurable tunneling current appears when a voltage is applied

between the straight and curved wires. Gregory reported observing a peak in the

d2I/dV 2 as a function of the bias voltage suggesting that IETS could be done using

SATJs. Zimmerman and Agnolet [15, 16] were able to confirm this conjecture by

introducing C2H2 into an SATJ and observing all of the vibrational modes of the

molecule.

A. Materials Background

1. Mn12-Acetate

The discovery that individual molecules can function as magnets provided a new

approach to the development of nanoscale magnetic materials [17]-[19]. These single

molecular magnets (SMMs) [20] have a single-domain magnetic core that, below its

blocking temperature, TB, exhibits the classical macroscopic property of a magnet,
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Fig. 1. Schematic view of SATJ. (a) The SATJ consists of a curved wire (red) and a

straight wire (yellow) in a magnetic field. (b) When a deflection current Id is

applied to the curved wire, the Ampere force, F , moves the wire towards the

straight wire and a junction is formed at the contact point between the two

wires. Typically, Id is 30 mA and the magnetic field is 0.4 T. (Courtesy of

Dr. Darin T. Zimmerman in the Department of Physics, Pennsylvania State

University, Altoona.)

namely magnetization hysteresis.

Because SMM’s exhibit large, bi-stable spin anisotropy and macroscopic quan-

tum behavior [19], they may be useful as magnetic storage devices [21] or as the

building blocks for quantum computers. Consequently, they have been extensively

studied for the past decade [22]-[29]. After the synthesis of Mn12-Acetate (Mn12-Ac)

[Mn12O12(CH3COO)16(H2O)4]-2(CH3COOH)-4(H2O)] (structure is shown in Fig. 2)

by T. Lis in 1980 [30], it has become the prototype SMM. As can be seen in Fig.

2, Mn12-Ac consists of a central Mn(IV)4O4 cube surrounded by a ring of 8 Mn(III)

units connected through bridging oxo ligands. Four Mn4+ (3d3, S = 3/2) ions are
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Fig. 2. Schematic view of Mn12-Ac. Four Mn
4+ ions (green) are ferromagnetically

coupled to give a spin S = 6; whereas eight Mn3+ ions (blue) are ferromagnet-

ically coupled to give a spin S = 16 in the opposite direction for a total spin

S = 10. (Courtesy of Dr. Naresh Dalal in the Department of Chemistry and

Biochemistry, Florida State University)

ferromagnetically coupled to one another in a cubane structure that gives rise to a

total spin S = 6. The remaining eight Mn3+ (3d4, S = 2) are also ferromagnetically

coupled to one another in a crown structure for a total spin of S = 16. The Mn3+

crown is antiferromagnetically coupled to the inner Mn4+ cubane structure, yielding

a total net spin of S = 16 − 6 = 10 for each molecule. This central complex is then

surrounded by sixteen acetate and four water ligands that isolate the Mn ions from

the environment.

The spin anisotropy manifests itself as an energy barrier that spins must overcome

when switching between the individual magnetic states of the molecule. The spin

quantum numbers ±ms take on the usual (2S + 1) values: −S, −S + 1 . . .S − 1,
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S. Although in zero magnetic field, the states at +ms and −ms are degenerate, the

molecule cannot easily switch between these two states because of the barrier between

the states (see Fig. 3). This barrier (U) is defined as:

U = |D|S2

where S is the dimensionless total spin value and D is the zero-field splitting pa-

rameter. Because the barrier inhibits the switching between the degenerate mag-

netic states, the larger the barrier, the longer the molecule will remains magnetized.

For Mn12-Ac, D = −0.5 cm−1 and therefore for S = 10, the overall barrier height

is 50 cm−1 (or equivalently 60 K ) which would correspond to a bias voltage of

V = kBT/e = 5.2 mV.

The blocking temperature, TB, is defined as the temperature below which the re-

laxation of the magnetization becomes slow compared to the time scale of a particular

experimental technique [31]. The TB for Mn12-Ac is approximately 3 K [24].

Switching between the ms levels on opposite sides of barrier can only occur

via magnetic quantum tunneling (MQT). In direct MQT, the magnetization vector

tunnels from a level on one side of the classical energy barrier to a level on the other

side. Phonon assisted MQT occurs when the magnetization vector is first excited to

a higher energy ms level by a phonon and then tunnels through the barrier [32]. The

first observation of MQT in Mn12-Ac was reported by Bokacheva et al. [28]. Because

the origin of MQT is still not fully understood, we hope that our tunneling results

can stimulate further theoretical and experimental investigations.

Magnetic storage devices will require the successful production of thin films of

the material. Recently films have been made using various techniques and character-

ized with different devices [33]-[38]. Interestingly, information about the electronic
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Fig. 3. Schematic view of the energy levels of Mn12-Ac in zero magnetic field. The

±ms energy levels are doubly degenerated but are separated by a classical

barrier, whose height is given by ∼ |D|S2, where D = -0.5 cm−1 is the zero-field

splitting parameter. (Courtesy of Dr. Naresh Dalal in the Department of

Chemistry and Biochemistry, Florida State University)
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transport properties are not available for this kind of film although the conductance

of the bulk compound was measured from 150 K to 300 K [39]. In reference [39],

North et al. reported that the resistance of Mn12-Ac is similar to that of a semicon-

ductor and strongly increases with decreasing temperature. No voltage dependence

was reported. At 100 K, the resistance of the Mn12-Ac was too high to be measured

with their equipment. By studying the tunneling process in films of Mn12-Ac, we

hope to extend these conductance measurements to lower temperatures and study

the electron transport in this system.

B. Basic Theory

1. Simple Insulating Barrier

If the insulating film between two electrodes is sufficiently thin, current can flow

through the barrier when a voltage is applied between the two electrodes [40]. Som-

merfeld and Bethe [41] were the first to make a theoretical study of this phenomena

for very low and high voltages. Holm [42] [43] extended this theory to include inter-

mediate voltages. Both studies are based on the WBK (Wentzel-Kramers-Brillouin)

approximation.

Sommerfeld and Bethe considered both a rectangular and a symmetric parabolic

barrier. J. Simmons [44] determined the tunneling current for a potential barrier of

arbitrary shape and, in particular, applied it to a rectangular barrier. In the following,

we briefly introduce his derivation.

In the following, we assume that there are no impurity effects, temperature ef-

fects, phonon interactions and electron-electron interactions. Consider a thin insu-

lating barrier between two conductors, as shown in Fig. 4. We define the following

symbols:
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e - charge of the electron;

h - Planck’s constant;

η - Fermi energy;

φ(x) - barrier potential function;

s1, s2 - positions at which the potential energy φ(x) crossed the Fermi level;

Δs = s2 − s1;

J - tunnel current density;

V - voltage across film;

Ex - kinetic energy of the conduction electrons along the x-axis;

ψ - work function of the metal electrodes;

ϕ0 - height of the rectangular barrier;

ϕ - mean barrier height.

When the barrier potential, V (x), varies slowly with position, the WKB method

can be used [45]. For an electron with kinetic energy Ex associated with motion in

the x direction, the probability that it penetrates the potential barrier, D(Ex), is

given by [44]

D(Ex) = exp{−
4π

h

∫ s2

s1

[2m(V (x)− Ex)]
1/2dx} (1.1)

The number of electrons that approach the interface from the left per unit area

in a time interval dt is n(vx)vxdvxdt, where n(vx) is the number of electrons per

unit volume that have a velocity in the x direction between vx and vx + dvx in

the metal. The number of these electrons transmitted through the barrier becomes

n(vx)D(Ex)vxdvxdt. The total flux of electrons penetrating the barrier is therefore:
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Fig. 4. The potential barrier arising from an insulating film separating two metallic

electrodes. The symbols are defined in the text.

J1 =

∫ vm

0

vxn(vx)D(Ex)dvx =
1

m

∫ Em

0

n(vx)D(Ex)dEx (1.2)

where vm and Em are the maximum velocity and kinetic energy of the electrons

respectively. Assuming an isotropic velocity distribution inside the electrodes, the

density of electrons with a velocity between v and v + dv is given by:

n(v)dvxdvydvz =
2dkxdkydkz
(
2π
L

)3
V

f(E) =
2m3

h3
f(E)dvxdvydvz (1.3)

where n(v) is the number of electrons per volume in dvxdvydvz and where f (E ) is the

Fermi – Dirac distribution function, f(E) = 1

1+e
E−η
kT

,
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n(vx) =
2m3

h3

∫ ∫ ∞

−∞
f(E)dvydvz =

4πm2

h3

∫ ∞

0

f(E)dEr (1.4)

where we have used the fact that dvydvz = 2πvrdvr = 2πd(v
2
r/2) = (2π/m)dEr, and

Er = (1/2)mv
2
r is the transverse kinetic energy. Substituting (1.4) into (1.2) yields

J1 =
4πm

h3

∫ Em

0

D(Ex)dEx

∫ ∞

0

f(E)dEr (1.5)

Similarly, the flux of electrons tunneling in the opposite direction, J2, is given by

J2 =
4πm

h3

∫ Em

0

D(Ex)dEx

∫ ∞

0

f(E + eV )dEr (1.6)

so that the net flux of electrons J becomes

J = J1 − J2 =
4πm

h3

∫ Em

0

D(Ex)dEx

{∫ ∞

0

(f(E)− f(E + eV )) dEr

}

(1.7)

Substituting

ξ1 =
4πme

h3

∫ ∞

0

f(E)dEr

ξ2 =
4πme

h3

∫ ∞

0

f(E + eV )dEr

and

ξ = ξ1 − ξ2

the resultant current density becomes

J =

∫ Em

0

D(Ex)ξdEx (1.8)
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Setting V (x)=η+ϕ(x ), (Note that V (x) is simply the barrier height rather than

the bias voltage), then,

D(Ex) = exp

{

−
4π

h

∫ s2

s1

[2m(η + ϕ(x)− Ex)]
1
2 dx

}

(1.9)

Replacing ϕ(x ) with its average and assuming the barrier is sufficiently thin, then

using Eq. (A.5), one obtains

D(Ex) ≈ exp[−b(η + ϕ(x)− Ex)]
1
2 (1.10)

where

ϕ =
1

Δs

∫ s2

s1

ϕ(x)dx

b =
√
2m(4πβΔs/h) and Δs = s2 − s1. β is the result of the approximations made

in the Appendix and is approximately equal to 1. Substituting the Fermi function

f(E) =
1

1 + e
E−η
kT

we obtain at T = 0

ξ1 =






(4πme/h3)(η − Ex) 0 < Ex < η

0 Ex > η






ξ2 =






(4πme/h3)(η − Ex − eV ) Ex < η − eV

0 Ex > η − eV






ξ =






(4πme/h3)(eV ) 0 < Ex < η − eV

(4πme/h3)(η − Ex) η − eV < Ex < η

0 Ex > η






(1.11)
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Substituting Eqs. (1.10) and (1.11) into (1.8) gives

J =
4πme

h3

{

eV

∫ η−eV

0

exp[−b(η + ϕ− Ex)
1/2]dEx

+

∫ η

η−eV
(η − Ex) exp[−b(η + ϕ− Ex)

1/2]dEx

}

(1.12)

Assuming b(ϕ+ eV )1/2 >> 1, this equation can be integrated to obtain

J = J0
{
ϕ exp(−bϕ1/2)− (ϕ+ eV ) exp[−b(ϕ+ eV )1/2]

}
(1.13)

where

J0 =
e

2πh(βΔs)2

Note that J0 depends on the bias voltage through the dependence of Δs. Assuming

that the potential barrier is rectangular in shape, the voltage dependence of the

conductance can be divided into three distinct regions. (see Fig. 5).

(1) V∼ 0:

J = JLϕ
1/2
0 V exp

(
−bϕ1/20

)

JL =
[√
2m/s

] (
e
h

)2
(1.14)

where Δs is the entire width of the barrier s.

(2) For intermediate voltages but with V < ϕ0/e,
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Fig. 5. The rectangular-shaped potential barrier for three different ranges of the bias

voltage. (a) The bias voltage is zero and the Fermi levels on both metals are

the same. (b) V < ϕ0/e and the Fermi level on metal 2 is lowered by eV . (3)

V > ϕ0/e and Δs < s.
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J =
( e

2πhs2

)
{(

ϕ0 −
eV

2

)

exp

[

−
4πs

h

√

2m

(

ϕ0 −
eV

2

)]

−

(

ϕ0 +
eV

2

)

exp

[

−
4πs

h

√

2m

(

ϕ0 +
eV

2

)]}

(1.15)

3) For V > ϕ0/e,

J =

(
2.2e2F 2

8πhϕ0

){

exp

[

−
8π

2.96heF

√
2mϕ30

]

−

(

1 +
2eV

ϕ0

)

exp

[

−
8π

2.96heF

√

2mϕ30(1 +
2eV

ϕ0
)

]}

(1.16)

where ϕ = ϕ0/2 and F=V /s. For a detailed derivation, see Ref. [44].

In our experiment, we have found that high bias voltages will damage the junc-

tion. Therefore, we normally operate with bias voltages less than 2 V which corre-

sponds to the first two regions.

When eV � ϕ0, Eq. (1.15) can be expanded in a Taylor power series with

respect to V . To third order,

J = aϕ0 exp
(
−bϕ1/20

){(
−2 + bϕ1/20

) eV

2ϕ0

+
bϕ
1/2
0

24

(
−3− 3bϕ1/20 + b

2ϕ0

)( eV
2ϕ0

)3}

(1.17)

where a = e
2πhs2

= 6.2×10+14

s2
, b =

√
2m(4πβΔs/h) = 1.025s, where s is expressed in

Angstroms. The differential conductance per unit area therefore becomes:
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g(V ) =
dJ

dV

=

(
6.2× 10+14

s2

)

exp
(
−1.025sϕ1/2

)
[
(
−2 + 1.025sϕ1/2

)

+
3.2× 10−2

sϕ3/2
(
−3− 3.075sϕ1/2 + 1.051s2ϕ

)
V 2
]

(1.18)

where ϕ is expressed in the unit of eV and g(V ) has units AV−1m−2. As one can see

from Eq. (1.18), g(V ) depends quadratically on V .

Brinkman et al. [46] considered the problem in which the work functions for the

two electrodes are different, ϕ1 (electrode 1) and ϕ2 (electrode 2). When ϕ1=ϕ2, his

results agree with our expression for the conductance.

In Fig. 6, we illustrate the dependence of the flux, J , on the bias voltage in the

range −2 < V < 2 from Eq. (1.15 ) for different thicknesses, s, and barrier heights,

ϕ. We can see that when s changes from 20 Å to 20.5 Å (Fig. 6a), the current density

decreases dramatically and when the barrier height increases from 5 eV to 5.15 eV,

the flux also decreases (Fig. 6b). In these examples, the value of ϕ was chosen to be

approximately that of the work function of platinum (5.56 eV). The dependence of

dJ/dV and d2J/dV 2 on the bias voltage as expressed in Eq. (1.15) are shown in Fig.

7 with s = 20 Å and ϕ = 1 eV.

2. Kondo Resonance

The Kondo effect arises from the quantum mechanical interplay between the

electrons of the host metal and a magnetic impurity, which causes changes in the

local charge and spin variations around the magnetic impurity [47]. For temperatures

below a characteristic Kondo temperature TK , the interaction between the spin of

the Kondo impurity and the spins of the surrounding conduction electrons causes
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Fig. 6. The voltage dependence of the flux for different insulator film thicknesses, s,

and potential barrier heights, ϕ. It is clear that J strongly depends on s and

ϕ. (a) Dependence on s assuming ϕ = 5 eV; (b) Dependence on ϕ assuming

s = 20 Å. In both examples, J increases linearly with V at low voltages, but

increases more rapidly with increasing V .
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Fig. 7. The voltage dependence of (a) dJ/dV ; (b) d2J/dV 2. Both plots assume s = 20

Å and ϕ = 5 eV.

the electrons of the host metal to condense into a many-body ground state that

collectively screens the local spin of the Kondo impurity [48]. This screening cloud

exhibits a dense set of low-energy excitations called the Kondo resonance [49]. V.

Madhavan, et al. have observed a Kondo resonance in dI /dV vs. V when the

probe of a STM scans over a cobalt (Co) atom on the surface of gold (Au) [50]. To

interpret this behavior, one must consider the excitation spectrum that is predicted

for a magnetic atom upon the addition or subtraction of an electron.
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To understand this behavior it is useful to use the framework of the Anderson

model of a magnetic impurity [51]. According to this model, a Co atom on Au can be

treated as a discrete d orbital in resonance with the continuum of Au conduction-band

states. When the d orbital is occupied by only one electron the energy is εd, whereas

the energy to add a second electron is εd + U , where U represents the Coulomb

interaction between the two electrons in the d orbital (U = 0 for the noninteracting

case). As might be expected, the d orbital in this model spreads into a relatively

broad d resonance that lies below Fermi energy EF [51]. However, below TK some of

the d -orbital spectral density is shifted to the states at the Fermi surface, forming a

narrow, nearly Lorenzian resonance there. This is the many-body Kondo resonance,

and the width of the resonance, ΔE, is proportional to the Kondo temperature,

ΔE ∝ kBTk. When tunneling into the Kondo resonance, one might expect dI /dV

to reflect this d-orbital spectral density and yield a Lorentzian-like peak about EF

[52]. Such an interpretation, however, assumes that electrons can only tunnel into

the orbital of the magnetic impurity and completely ignores the electron tunneling

into the surrounding continuum of conduction-band states. An electron tunneling

from an STM tip to the Kondo resonance actually has two possible channels (the

d orbital and the continuum) and this leads to an additional interference term. We

believe that some of the features observed in our SATJ can be explained in terms of

the simultaneous tunneling into these two channels.

This problem was systematically studied by Fano [53]. Fano calculated the effect

of the interference for transitions from an arbitrary initial state to a noninteracting

discrete state in resonance with a continuum (that is, the U = 0 case of the Anderson

model). He has shown that the rate of transitions to a final state at energy ε can be

expressed as
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R(ε) = R0(ε)
(q + ε′)2

1 + ε′2
(1.19)

where

ε′ =
ε− ε0
Γ/2

,

ε0 is the energy of the discrete state, Γ is the width of the resonance, R0(ε) is the

transition rate in the absence of the discrete state, and q is the ratio of the matrix

elements linking the initial state to the discrete and continuum parts of the final state.

Y. Meir and N. S. Wingreen [54] generalized this expression to include an interacting

resonant level (for U 6= 0) by changing ε′ to

ε′ =
ε− ε0 −Re [Σ(ε)]

Im [Σ(ε)]
(1.20)

Here Σ(ε) is the full self-energy of the resonant level including both interactions and

coupling to the continuum. Near the Kondo resonance at EF , the real and imaginary

parts of the self-energy can be expressed as [55]

Im [Σ(ε)] = Γ/2

and

ε− ε0 −Re [Σ(ε)] =
(ε− α) Γ
2kBTK

where α is a constant and TK is the Kondo temperature above which the Kondo

effect will disappear. The differential conductance, dI /dV, of the tunnel junction, is

a measure of the rate of electronic transitions from the state at EF on the negatively

biased wire to the states at EF +eV on the positively biased wire [56] or alternatively

the density of electron-like excitations of the positively biased wire at an energy eV

measured with respect to EF . Therefore, one can directly determine the spectrum of



22

a Kondo resonance by measuring dI /dV.

In Fig. 8, we illustrate typical results based on on Eq. (1.19). Note that the

interference of a discrete autoionized state with a continuum gives rise to character-

istically asymmetric peaks in the plot, similar to those observed in our experiment.
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Fig. 8. Transition rate based on Eq. (1.19) assuming R0 = 1. Note that peaks are

very asymmetric. q values are indicated in the legend.
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CHAPTER II

EXPERIMENTAL APPARATUS AND PROCEDURES

A. Experimental Apparatus

1. Cryostat

The measurements presented here were all made on a compact 4He cryostat (Fig.

9) that can be inserted into a portable helium storage Dewar. Because this cryostat

was described in detail in the thesis of Dr. D. T. Zimmerman [10], we will only

give a brief introduction. The tunneling wires are mounted on a copper ring that

is attached to the bottom of the 1 K pot and the entire experimental section of the

cryostat is sealed within a vacuum can. To cool the system, the cryostat is inserted

into a custom 100-L liquid helium dewar. Although most of the measurements were

made at 4.2 K, temperatures down to 1.5 K can be achieved by pumping on the 1 K

pot. For a full dewar of liquid He, the experiment can be continuously operated for

15 days, enabling us to take numerous I-V traces and to check their reproducibility.

The SATJ mount can accommodate three wires, two curved and one straight. In

any given measurement, only one straight wire and one curved wire can be used at

a time. The extra curved wire gives us the option to switch wires if one of the wires

fails and makes it possible to compare the behavior of wires made from or coated with

different materials in a given cool-down. (The extra curved wire is not shown in Fig.

1). Each wire is connected in a four-terminal configuration so that the temperature

of the wire can be monitored when the surfaces of the wires are cleaned by Ohmic

heater. The bias voltage is always applied between the straight and curved wires.

On bare wires, the insulating film is formed by dosing appropriate amounts of

neon gas into the cryostat. The melting point and boiling point of neon are 24.56 K
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Fig. 9. Detailed view of SATJ cryostat built by D.T. Zimmerman. Specific details

can be found in his thesis [10].
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and 27.07 K respectively. Zimmerman [10] found that at liquid helium temperatures,

the neon is sufficiently soft that the separation between the wires, and therefore the

resistance of the junction, can be manipulated by changing the magnetic force on the

curved wire. When the wires are coated with Mn12-Ac or C60, no neon layer was

required to obtain an insulating barrier but in some measurements, neon was added

to improve the stability of the junction.

The ambient magnetic field is provided by a superconductor solenoid wound on

the exterior of the vacuum can. When a deflection current is applied to the curved

wire, the Ampere force makes the curved wire move toward the straight wire and the

tunneling junction is formed at the contact point between the two wires.

In these experiment, we have used platinum, iron, and aluminum wires that are

approximately 0.001” in diameter and 1.5 cm in length. These wires are attached

to the copper mount using small copper posts that are made from 0.010” diameter

bare copper wires. The tunneling wires are first wrapped around the copper posts

and then fixed in position with PbSn solder. Although silver print and silver epoxy

have also been used to connect the wires to the copper post, this results in a large

contact resistance (typically 1 to 10 Ohms) and consequently a large offset in the

measurements of the bias voltage.

2. Laser Deposition of the Mn12-Acetate Film

Pulsed laser deposition (PLD) was used to deposit the Mn12-Ac films onto the

platinum wires. A sample of Mn12-Ac was obtained from Prof. K. Dunbar’s group in

the Chemistry Department at TAMU. The PLD system is located in the lab of Prof.

D. G. Naugle in the Physics Department and was operated by Dr. V. Meenakshi, a

post-doctoral associate working with Prof. W. Teizer also in the Physics Department.

To obtain a more uniform deposition on the wires, the wires were mounted on
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Fig. 10. Frame for rotating the tunneling wires in the PLD chamber during deposition.

The two black posts are brass that were wrapped with shrink tubing so that

the wires can be attached to them and still be insulated from one another.

The two white posts are ceramic. Ceramic rings are also inserted between the

conduction wires to prevent them from making contact. A spring (not shown

in the picture) is attached at one end (yellow brass) of the frame and connects

to the external manipulator of the chamber.

a rectangular frame that can be manually rotated from outside of the deposition

chamber (see Fig. 10). By rotating the wire frame between depositions, both surfaces

of the wires can be coated with Mn12-Ac films.

Three pairs of electric connectors were attached to two ceramic posts and sepa-

rated by two ceramic insulation rings. One platinum wire is mounted between each

pair of connectors. The voltage and current applied to the wires is monitored using a

four-terminal technique. The 12 wires go to a 12-pin connector that connects to the

external power supply, ammeter, and voltmeter.
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Fig. 11. Circuit used to heat wires in PLD chamber. The current is controlled by

an adjustable decade resistor, Rdecade, in series with the wires and a 10V DC

power supply. Each individual wire is heated in turn for approximately 15

minutes.

The electrical circuit is shown in Fig. 11. The platinum wire is approximately

1.5 cm long and has a room temperature resistance of approximately 1.5 Ω. Before

deposition, the wires were cleaned with paper towels soaked with acetone and then

paper towels soaked with ethanol. To further clean the wires, the wires were heated

to ∼800 K in vacuum by passing a DC current through them while monitoring the

resistance of the wire. The temperature is determined from the ratio of the resistance

of the wire to its value at room temperature. Fig. 12 illustrates the dependence of

the temperature on this ratio [57]. Although the melting point of Pt is 2041 K, we

have found that the wires would fail if they were heated to a temperature greater

than 1000 K because of hotspots on the wire. Most of our wires were heated to 800

K, which corresponds to a resistance ratio of 2.6.

After the frame of wires is mounted in the PLD chamber, the pressure is reduced
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Fig. 12. The temperature of platinum as a function of the ratio of the resistance and

the room temperature resistance. From trial and error, we found that the

optimum ratio was 2.5 to 2.6, which corresponds to 800 K.

to approximately 10−5 Torr. The adjustable decade resistor, Rdecade, is initially set at

its maximum value, 10 kΩ. This resistance is then gradually decreased to 202 Ω at

which point the current is approximately 40 mA. At this current, the middle of the

heated platinum wire should be a light red. The resistance of the Pt wire should have

increased by a factor of 2.6 times from its room temperature resistance. The heating

time for each wire is about 15 minutes.

The PLD apparatus is described in detail in reference [34] and therefore we will

only give a brief description. Before deposition, the chamber is evacuated with a
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diffusion pump to a pressure of 10−5 Torr. The source target consists of a pellet

made by compressing Mn12-Ac powder with a pressure of 20 kpsi into a stainless

steel holder. A Lambda Physic KrF excimer laser operating at 248 nm generates

pulses at a repetition rate of 1 Hz with a pulse width of 10 ns. The laser is focused

onto a 0.25 cm2 area and the laser fluence at the target was varied between 200 and

450 mJ. To prevent excessive heating of the Mn12-Ac, the source target was rotated

continuously. The distance between Mn12-Ac target and the wires to be coated was

approximately 6 cm. The thickness of the deposited film was measured by a quartz

crystal microbalance (QMB). When a thickness of 2 monolayers was reached, the

wires were then rotated 180◦ in order to deposit 2 monolayer on the opposite side of

the wires. All depositions were made at room temperature. Although the chamber

pressure prior to deposition was ∼ 10−5 Torr, during the pressure deposition, the

pressure would vary between 10−5 Torr and 10−1 Torr. Typical deposition times were

approximately 1 min.

3. Dip and Dry (DAD) Method for Deposition of the Mn12-Ac Film

The Dip and dry method is relatively simple and reliable [35]. To produce an

8.7×10−4 mol L−1 suspension, 18 mg of Mn12-Ac powder is dissolved in 10 mL of iso-

propanol (CH3CHOHCH3). Both manual agitation and sonification for a few minutes

was used to homogenize the distribution of the suspension in the solvent.

The platinum wires were first cleaned with acetone and methanol. They are

dipped into the suspension and then allowed to naturally dry in air at room temper-

ature. This procedure will coat the wires with about one or two monolayers[35].
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B. Experimental Procedure

1. Data Acquisition Apparatus and Principles

In order to simultaneously measure the I, dI/dV , and d2I/dV 2 of the tunnel

junction, one can modulate the applied bias voltage at a frequency, ω, and detect the

response of the tunneling current at the fundamental frequency, ω, and the second

harmonic, 2ω. A schematic of the circuit is shown in Fig. 13.

To understand how the derivative signals are measured, consider expanding I(V )

in a Taylor series about V = VDC , where the bias voltage is given by V = VDC +

ΔV cos(ωt), where ΔV and ω are the amplitude and frequency of AC modulation

respectively. In the following, the amplitude of the modulation, ΔV , must be much

smaller than the applied DC voltage, ΔV � VDC . To second order in the modulation

voltage, the tunneling current becomes

I(V ) = I(VDC) + ΔV cos(ωt)
dI

dV

∣
∣
∣
∣
V=VDC

+
1

2!
[ΔV cos(ωt)]2

d2I

dV 2

∣
∣
∣
∣
V=VDC

(2.1)

where the ω and 2ω terms are proportional to the first and second derivatives of the

junction current I(V ) with respect to the bias voltage V . In addition to these terms,

there exists a current due to the stray capacitance in parallel with the junction (Fig.

13) that arises from the proximity of the current and voltage leads connected to the

junction wires on the SATJ mount. The magnitude of this capacitance is typically

about 10−13 F. Although this capacitance is small, the corresponding impedance at

our nominal operating frequency of 555 Hz is about 3 GΩ. Because the junction

resistances range from 10 kΩ to 5 GΩ, it cannot be ignored. The current due to this

stray capacitance is given by
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Fig. 13. Circuit schematic showing the basic elements of the signal detection [10].
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IC = C
dV

dt
= C

d

dt
[VDC +ΔV cos(ωt)] = −ωCΔV sin(ωt) (2.2)

Rewriting the third term in equation Eq. (2.1) using the common double-angle

identity cos2(ωt) = 1
2
[1 + cos(2ωt)] and using the fact that in Eq. (2.2), − sin (ωt) =

cos (ωt+ 90◦), we have for the total current,

I(V ) = I(VDC) + ΔV

[

cos(ωt)
dI

dV

∣
∣
∣
∣
V=VDC

+ ωC cos(ωt+ 90◦)

]

+
ΔV 2

4
[1 + cos(2ωt)]

d2I

dV 2

∣
∣
∣
∣
V=VDC

(2.3)

The first term in this expansion corresponds to the DC tunneling current. The

second term corresponds to the differential conductance (G ≡ dI/dV ) and the capac-

itive AC current whereas the third term is proportional to the IETS signal (d2I/dV 2).

The DC bias voltage is typically ramped between -0.7 V and +0.7 V using a

sawtooth wave with frequency 1/7200 sec−1 provided by an HP 3245A synthesizer

function generator. The DC tunneling current is read directly from a current sensitive

pre-amplifier (EG&G/PARC Model 184) that is powered by the first lock-in amplifier

(LIA1). The pre-amp has a sensitivity ranging from 10−5 to 10−9 A/V, but because of

residual noise in the SATJ circuit that tends to overload the LIAs, we do not normally

operate below the 10−5 A/V setting. The pre-amp converts the tunneling current to

a voltage that is read by an HP 3457A voltmeter. The input to this pre-amp is

offset from ground which results in an offset voltage of -9.5414 mV at zero tunneling

current. This offset voltage must be subtract from the current measurements before

analyzing the data.

The AC component normally has a frequency of 555 Hz and an rms amplitude

between 5-20 mV. LIA1 provides the AC component and is set to detect the response
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at ω which is proportional to (dI/dV ). The capacitive term in Eq. (2.3) will be

rejected by LIA1 because it is shifted 90◦ with respect to the first derivative signal.

The second lock-in amplifier (LIA2) measures the response at 2ω which is proportional

to (d2I/dV 2). Both units are EG&G/ PARC Model 124A. The AC signal for each

LIA is filtered by the internal band-pass filters to remove unwanted side-band noise.

The DC ramp and the outputs from the preamp and LIAs are recorded by a

4 channel Tektronix TDS 460A oscilloscope connected to the computer via an ICS

Electronics IEEE 488 Bus Extender Model 4887A [58]. LabVIEW programs were

developed to initiate the bias voltage sweep and to acquire and process the data.

Graphs of the data together with all the setup information was plotted using PLOT

routines.

The raw data read by the oscilloscope must be appropriately scaled to give the

correct values for the three quantities of interest. To determine the DC tunneling

current, the voltage offset from the pre-amp is first subtracted from the recorded

DC output of the current pre-amp. This voltage is then multiplied by the pre-amp

sensitivity (in A/V ).

The junction conductance (G = dI/dV ) is calculated from the output of LIA1

via

dI

dV
=
(VLIA1)(ACsensitivity)(DCsensitivity)

10(VAC)rms

where VLIA1 is the DC output of the LIA1 and (VAC)rms = ΔV/
√
2. ACsensitivity

and DCsensitivity refer to the AC gain setting on the LIAs and the DC pre-amp gain

setting, respectively. The factor of 10 in the denominator is due to the fact that the

full scale output of the LIAs is 10V. The IETS signal (d2I/dV 2) is similarly given by
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d2I

dV 2
=
2
√
2(VLIA2)(ACsensitivity)(DCsensitivity)

10(VAC)2rms

where the 2
√
2 factor is due to the coefficients that appear in the Taylor expansion

(Eq. 2.3) and the trigonometric identities used therein.

2. Forming Junction and Data Acquisition

The experimental details from soldering the junction wires, cooling down the

cryostat to liquid helium temperature, leak detection, stray capacitance measurement,

dosing barrier gas, to choosing the correct phases of LIAs and adjusting the deflection

current and magnetic field to form a junction are all described in Dr. D. Zimmerman’s

thesis [10] so I will only give a brief description of the procedures.

1. Solder a bare wire (∼ 1.5 cm long, Pt, Al, Fe, . . . ) to the copper posts on

the mount that will serve as the straight wire. Solder two wires coated with

Mn12-Ac to the copper posts for the curved wires. Make sure that the distance

between the straight wire and the curved wires is approximately 1 mm. Seal

the vacuum can to the cryostat with a lead o-ring made with Buss wire #2 [59].

2. Move the cryostat into the shielded room and connect it to the helium leak

detector. Make all the connections for measuring the temperature, current, and

voltages. Attach the leads to the magnetic coil. Connect the cryostat to the

neon gas tank. Use the leak detector to test for leaks in the cryostat. If no

leak is found (the leak rate should be below 5×10−8 atm cm3s−1), compare all

the measured resistances to those measured in previous cooldowns. Nominal

values of these resistances at room temperature, liquid nitrogen temperature,

and liquid helium temperature, are listed in Table I, II, and III. Here the critical

step is to make sure that the 3 junction wires are properly soldered on the



35

electrical posts and that there are no electrical shorts.

3. Measure the stray capacitance by using frequency ω and determine the phase

of LIA1 such that the maximum signal is obtained, and then add an additional

90◦ so that the LIA will reject the stray capacitance signal and measure only

the signal that arises from tunneling. Use the same method for LIA2 and

frequency 2ω to find the right phase for LIA2 (but this time 180◦ should be

added because there is 90◦ difference between the reference frequencies of LIA1

and LIA2). These two measurements of the capacitance should agree and be

on the order of 10−13 F. Setting the phase correctly is critical in order to obtain

the correct 1st and 2nd derivatives of the current. Nominal values of the phases

are: LIA1: 90◦+86.8◦, LIA2: 180◦+88◦; The nominal values of the capacitance

are: C(ω) = 2.80×10−13 F and C(ω) = 5.81×10−13 F.

4. Run the LabVIEW program “Paros 2.vi” to monitor the neon pressure inside

the 2L storage container and keep the pressure above 1 kTorr.

5. Flush the cryostat with neon 5 times and leave ∼ 200 mTorr neon inside; flush

the 1 K pot with helium 5 times and pressurize the 1 K pot with helium at

∼ 15 psi (relative pressure).

6. Immerse the cryostat into liquid nitrogen. After it cools down to liquid nitrogen

temperature (∼ 2 hours), measure all resistances and compare them with those

measured in previous cooldowns.

7. Open the valve to the vacuum can and pump all the neon out. Immerse the

cryostat into liquid helium dewar gradually. Monitor the leak detector to see

whether a leak has developed during the cooldown. If no leak is found, close

the valve to the vacuum can.
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8. After the cryostat cools down to liquid helium temperature (∼2 hours), mea-

sure all resistances again and compare them with those measured in previous

cooldowns. Notice that the resistances of the junction wires should be greatly

reduced compared to their values at liquid nitrogen temperature.

9. Now the critical part – forming the junctions. Slowly increase the deflection

current to about 25 mA (corresponding to a voltage of 2.5 V on the power sup-

ply). Turn on the power supply for the superconductor magnetic and gradually

increase the magnetic field until the junction is formed. This can be verified by

the voltage reading of the pre-amplifier. The output of the pre-amplifier should

change from its background value of -9.50 mV to a value more negative than

-11 mV. The actual value will depend on the bias voltage and thickness of the

barrier film. If the junction has an electrical short then the output voltage of

the pre-amplifier will either be positive or have a value more negative than -3

V. If this should occur, break the contact by reducing the magnetic field and

try again. If the electrical short persists, add more neon gas to the cryostat.

For the procedure of adding gas to cryostat please refer to Chapter 3 in the

thesis of Dr. D. T. Zimmerman [10]. If the junction cannot be formed, check

to see whether there are any electrical shorts in the wires. If no other problems

are found, raise the cryostat out of the helium bath so that some of the neon

plated on the walls can return to the gas phase. When the cryostat is cooled,

more neon will be deposited on the wires.

10. Run the LabVIEW program “Program to Initialize 3245A.vi” to initiate the

parameters for the synthesizer function generator (HP 3245A); run “Initiate

Sweep.vi” to start a voltage sweep.

11. After the voltage sweep is finished, run “SATJ MASTER PROG.vi” to down-
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load the data from the Tektronix oscilloscope to the computer. Pay attention

to the comparison between the recorded I and the one obtained by integrating

the dI/dV data, and the recorded dI/dV and the one obtained by integrating

d2I/dV 2. If they do not match, center frequencies or phases of the two LIAs

may need an adjustment.

12. Run PLOT program “new std.plt” to plot and print the I -V , dI/dV -V, and

d2I/dV 2-V curves.

Tables I, II and III, list the nominal values of the resistances at different temper-

atures. Each wire terminal is identified by either a letter or a number . For example,

the four terminals for the 1 K Pot heater are: R, S, T, and U. The terminals of the

platinum junction wires are labeled from 1 to 10 and C and D.
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Table I. Nominal resistance values at room temperature

Time: 6:00pm Temperature: Room Date: 08/16/04

Experimenter:

Lianxi Ma

Bath Thermometer:

518 Ω

E-F Capillary heater,

2 wires: 151 Ω

1-K Pot Heater (133.36 Ω)

T-R 312 Ω R-S 312 Ω

T-S 179 Ω R-U 179 Ω

T-U 312 Ω S-U 312 Ω

Germanium Thermometer (1.69 Ω)

M-N 182 Ω N-L 182 Ω

M-L 181 Ω N-P 182 Ω

M-P 182 Ω P-L 183 Ω

Capillary Thermometer (1.017 kΩ)

G-H 1.195 kΩ H-J 0.179 kΩ

G-J 1.195 kΩ H-K 1.195 kΩ

G-K 0.179 kΩ J-K 1.195 kΩ

Junction Wires

Straight wire: 5.70 Ω Bottom curved wire: 2.79 Ω Top curved wire: 3.482 Ω

9-7: 103 Ω 7-8: 36 Ω 5-4: 99 Ω 4-6: 101 Ω 10-2: 181 Ω 2-C: 97 Ω

9-8: 111 Ω 7-1: 110 Ω 5-6: 180 Ω 4-3: 23 Ω 10-C: 112 Ω 2-D: 115 Ω

9-1: 184 Ω 8-1: 103 Ω 5-3: 102 Ω 6-3: 99 Ω 10-D: 100 Ω C-D: 34 Ω

Type: Pt Type: Pt+Mn12-Ac Type: Pt+Mn12-Ac
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Table II. Nominal resistance values at liquid nitrogen temperature

Time: 11:10pm Temperature: LN2 Date: 08/16/04

Experimenter:

Lianxi Ma

Bath Thermometer:

611 Ω

E-F Capillary heater,

2 wires: 150 Ω

1-K Pot Heater (130.67 Ω)

T-R 306 Ω R-S 307 Ω

T-S 176 Ω R-U 176 Ω

T-U 307 Ω S-U 307 Ω

Germanium Thermometer (2.32 Ω)

M-N 181 Ω N-L 181 Ω

M-L 178 Ω N-P 178 Ω

M-P 181 Ω P-L 180 Ω

Capillary Thermometer (1.360 kΩ)

G-H 1.533 kΩ H-J 0.176 kΩ

G-J 1.533 kΩ H-K 1.534 kΩ

G-K 0.176 kΩ J-K 1.534 kΩ

Junction Wires

Straight wire: 3.052 Ω Bottom curved: 0.601 Ω Top curved wire: 0.639 Ω

9-7: 97 Ω 7-8: 27 Ω 5-4: 90 Ω 4-6: 90 Ω 10-2: 168 Ω 2-C: 101 Ω

9-8: 98 Ω 7-1: 100 Ω 5-6: 90 Ω 4-3: 16 Ω 10-C: 101 Ω 2-D: 90 Ω

9-1: 169 Ω 8-1: 93 Ω 5-3: 91 Ω 6-3: 91 Ω 10-D: 90 Ω C-D: 23 Ω

Type: Pt Type: Pt+Mn12-Ac Type: Pt+Mn12-Ac
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Table III. Nominal resistance values at liquid helium temperature

Time: 10:50 Am Temperature: LHe Date: 08/17/04

Experimenter:

Lianxi Ma

Bath Thermometer:

981 Ω

E-F Capillary heater,

2 wires: 144 Ω

1-K Pot Heater (120.6 Ω)

T-R 290 Ω R-S 290 Ω

T-S 169 Ω R-U 169 Ω

T-U 290 Ω S-U 290 Ω

Germanium Thermometer (60.97 Ω)

M-N 250 Ω N-L 251 Ω

M-L 192 Ω N-P 193 Ω

M-P 252 Ω P-L 252 Ω

Capillary Thermometer (13.60 kΩ)

G-H 27.7 kΩ H-J 0.171 kΩ

G-J 28.0 kΩ H-K 28.1 kΩ

G-K 0.170 kΩ J-K 28.2 kΩ

Junction Wires

Straight wire: 2.168 Ω Bottom curved wire : 0.108 Ω Top curved wire: 0.007 Ω

9-7: 76 Ω 7-8: 15 Ω 5-4: 78 Ω 4-6: 78 Ω 10-2: 144 Ω 2-C: 87 Ω

9-8: 85 Ω 7-1: 77 Ω 5-6: 144 Ω 4-3: 14 Ω 10-C: 87 Ω 2-D: 78 Ω

9-1: 146 Ω 8-1: 83 Ω 5-3: 79 Ω 6-3: 80 Ω 10-D: 78 Ω C-D: 19 Ω

Type: Pt Type: Pt+Mn12-Ac Type: Pt+Mn12-Ac
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CHAPTER III

EXPERIMENTAL RESULTS

A. Junctions Formed with Pure Neon

To characterize the behavior of SATJs, we examined junctions in which neon

was used for the tunneling barrier. Neon is a good choice for the barrier because

even at liquid helium temperature, the neon solid is still fairly compressible, making

it possible to change the thickness of the barrier and thereby the resistance of the

junction. (The triple point temperature and pressure of neon are 24.553 ± 0.001

K, and 43332 ± 13 N/m2 [60].) In addition, the first excitation energy of neon is

16.6 eV [61] so the interaction between the tunneling electrons and this state can be

ignored. We expect that the current for such junctions should be described by the

simple tunneling theory discussed in Chapter I.

The current and conductance data for a Pt+Fe/Ne/Pt junction are shown in

Fig. 14. The three curves were all from one junction, showing that they are very

reproducible. By fitting the data to Eq. (1.15), we should be able to determine

the thickness and contact area of the junction. Although the fit in Fig. 14(d) looks

good, the parameters determined by the fit are unreasonable. For example the work

function of the platinum had to be reduced to a value between 1.5 and 2 eV rather

than the published value of 5.65 eV [62], or 6.35 eV[63]. With these values for the

work function, the thickness of the barrier is approximately 22 Å. This value for the

thickness greatly suppresses the overall current in the junction, so to compensate

the area of the junction becomes on the order of 2 × 10−12 m2. Because the wire

diameter is only 25 μm, this area is far too large. One possible explanation is that

the expressions derived in Chapter I are not appropriate for such a large voltage
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Fig. 14. I (a), dI/dV (b), and d2I/dV 2 (c) data for Pt+Fe/Ne/Pt junctions. A

comparison between the current and theory is shown in (d). For clarity, the

data for Apr02m.d05 and Apr02n.d05 have been shifted in (a) by 10−8 A and

2× 10−8 A, in (b) by 2× 10−8 A/V and 4× 10−8 A/V and in (c) by 5× 10−6

A/V2 and 1× 10−5 A/V2 respectively.

range. To see whether the analysis can be done in the region near zero bias voltage,

the maximum bias voltage was reduced from 2 V to 0.5 V (Fig. 15).

As discussed in Chapter I, in the limit that the bias voltage is small compared to

the work function ϕ, the conductance of the junction can be expanded in powers of the

bias voltage. As shown in Eq. (1.18), the conductance should depend quadratically

on the bias voltage. We analyzed three data sets, Feb09G.d01, Feb09H.d01, and

Feb09I.d01 shown in Figs. 15(a), (b), and (c). Using 5.56 eV for the work function

of platinum we can fit Feb09I.d01 with a value of s=17 Å, which agrees with the

previous values for the thickness. If we however calculate the conductance at zero

bias, we must use a value for the area that is much larger than the cross-section of the

wire. This may indicate that the work function of the platinum is in fact suppressed
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Fig. 15. Current (a), conductance (b) and IETS (c) data from Pt/Ne/Pt junctions. In

(d), a fit to the quadratic dependence of the conductance on the bias voltage

is shown. The region of the zero bias feature near V = 0 was excluded from

the fit.

or that the simple tunneling theory must be modified. One possible extension would

be to include image effects [42], [44].

The conductances in Fig. 15(b) and (d) also show a marked suppression of

the conductance in the region of zero bias voltage. This zero bias feature (ZBF) is

observed in most of our data. In the region of the ZBF, the conductance scales as

V 1/2 if V is not very close to zero. Agnolet et al. [64] were able to fit this region of

the data with a two-channel Kondo model (2CK) [65]. In this model the conduction

can be expressed as G(V, T ) = G(0, T ) + BT 1/2Γ(Av) where v = (eV/kBT ) and A

and B are scaling parameters. The universal scaling function, Γ(v)−1 asymptotically

approaches v1/2 as v → ∞. They found that at liquid helium temperature, A=0.36

and B=0.0031 K−1/2e2/h.
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In the next section, we discuss the results when irons atoms were deposited onto

the platinum wires. By introducing magnetic atoms, one would expect an enhanced

Kondo effect. These results will be compared with the data from the bare platinum

wires.

B. Pt+Fe/Ne/Pt Junctions

To test whether one could enhance the ZBF, iron was evaporated directly onto the

surface of the platinum wires. The thickness of the iron was less than a monolayer.

Some results are shown in Fig. 16. The observed ZBFs in the region |V | <0.05

V, appear more pronounced than those observed in the Pt/Ne/Pt junctions shown

in Fig. 15. The average height of the ZBF for the bare wires is approximately

10−9 A/V, whereas the average height of the ZBF for iron coated platinum wires

is approximately 10−8 A/V. Furthermore, the ZBFs do not appear to be symmetric

because the positions of the shoulders for V > 0 are different from those in the V < 0

region.

Interestingly, we found that the character of the ZBFs could change for subse-

quent voltage sweeps. The data in Fig. 17 is for a single junction and shows that the

ZBF changes from a dip to a peak and then back to a dip again. Fig. 18 shows the

ZBFs for the low conductance curves on an enlarged scale. An analysis of the ZBFs

in terms of the two-channel Kondo model will be discussed in Chapter IV.

C. Pt/Mn12-Ac/Pt Junctions Formed with Fresh Mn12-Ac Films

Because we found no significant difference between the tunneling results of Mn12-

Ac film deposited by PLD and DAD, the data from both types of junctions will be

discussed as a group.



45

-0.1 -0.05 0 0.05 0.1 0.15

-100

-80

-60

-40

-20

0

20

40

60

Voltage (V)

I (
nA

)

Jul15tuvwxacad16a-c.d03,Pt/Pt+Fe

a

-0.1 -0.05 0 0.05 0.1 0.15

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Voltage (V)

dI
/d

V
 (

  A
/V

)

b

11.11
5.26
1.35
1.22
1.30
0.99
0.90
0.85
0.79
0.74
1.11

M

μ

Ω

Fig. 16. Current (a) and conductance (b) of a Pt+Fe/Ne/Pt junction.
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Fig. 17. Data from a single Pt+Fe/Ne/Pt junction showing that the ZBF can change

from a dip to a peak and then back to a dip again. The curves are shifted

because the conductance of the junction increased as a function of time.
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Fig. 18. An expanded view of the data from a Pt+Fe/Ne/Pt junction with low con-

ductances. The curves are shifted because the conductance of the junction

increased as a function of time.

As with the bare Pt/Ne/Pt junctions, a ZBF was often observed for these

Pt/Mn12-Ac/Pt junctions. Examples of the current and conductance of these junc-

tions are shown in Fig. 19. The ZBFs in high resistance junctions were typically

dips in the conductance. However, as the initial resistance decreases, we observed

the gradual change of the ZBF from a dip to a peak. It is also worth noting that

sometimes even when all the parameters of the sweep (magnetic field, deflecting cur-

rent, Vmax, sweep time, AC modulation) remained the same, a dip can change to a

peak in a subsequent sweep. This behavior can be seen in Fig. 19b in which all of

the data except the black one were taken from one junction. The black one is more
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Fig. 19. Current (a) and conductance (b) data for Pt/Mn12-Ac/Pt junctions. The

ZBF gradually changes from a dip to a peak as the resistance of the junctions

decreases. Data 18b, c, f, g, j, k are all from the same junction. For clarity, the

curves have been offset and magnified. The magnification factors are 5 × 107

(18 b and c), 108(18f), 3 × 108 (18g), 8 × 106 (18j) and 5 × 106 (18k). The

actual conductances range from 0.1 μA/V to 1 μA/V.

interesting because the dip which is observed when the bias voltage is swept from

from +V to −V changes to a peak when the voltage sweep is reversed. Because it is

highly unlikely that this behavior is caused by a change of the tunnel barrier thick-

ness, we assume that it is caused by a change in the molecular configuration induced

by the current or bias voltage. Gregory [14] observed similar transitions in his SATJs

in which the wires were tungsten and helium was used for the junction barrier. In

his experiments, the ZBF would change from a dip to a peak as the magnetic field

was increased. He attributed this to the scattering of the conduction electrons from

a single localized magnetic moment. However, Gregory did not report observing this

transition in junctions made with platinum wires and helium. In our experiments,
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the ZBF and the transition from the dips to peaks were also observed in junctions

with different metal wires (such as Fe, Al) and different tunnel barriers (such as C60,

Ne).

Another interesting phenomenon is observed in 7.1% out of a total 509 data sets.

In these “state jumps”, the differential conductance suddenly switches from one value

to another at specific voltages. In Fig. 20, some of these state jumps are displayed.

These jumps can occur either as the bias voltage increases or decreases and may either

be positive or negative. These jumps often occur at V ∼ -0.1 V. However, if the state

jump does occur at a positive bias voltage, it usually appears at a random bias voltage.

This asymmetry maybe due to an anisotropy of the Mn12-Ac molecules. Heersche et

al. [66] also observed this type of asymmetry in their transport measurements of the

Mn12 derivative, [Mn12O12(O2C-C6H4-SAc)16(H2O)4], in a single-molecule transistor

geometry. They did not give an explanation though.
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Fig. 20. Conductance jumps near V = −0.1 V may indicate a configurational change

of the Mn12−Ac molecules. The jumps can be either positive or negative and

can occur during a positive or negative voltage sweep. Note that the ZBFs

are still present. The curves have been offset for clarity.
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We have also observed a “staircase” pattern in the I − V traces as shown by

the blue curve in Fig. 21. This behavior can be seen more clearly by plotting the

conductance versus the bias voltage (red curve). While this phenomenon is more

typical in single molecule tunneling devices [67] [68] [69] [70], it is only rarely seen

in our device (only 2.55% of the 509 data sets). We have found that to have a good

staircase pattern, the bias voltage should not exceed ± 2 V, the sweep rate should
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Fig. 21. “Staircase” pattern. At regularly spaced bias voltages, the current (blue) in-

creases suddenly. In between these steps the current remains almost constant.

The differential conductance (red) shows peaks corresponding to the current

steps.
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not be slower than 6.4 mV/s and the initial resistance should be around 10 MΩ. In

addition, this phenomena was only observed if the Mn12-Ac was freshly deposited.

This type of phenomenon was first observed in a tunnel junction by J.B. Barner

and S.T. Ruggiero [71]. They embedded silver particles into a 25 to 40 Å thick

Al2O3 film separating the metal electrodes. They concluded that the staircase is a

manifestation of a collective change in the charge residing on the silver particles and

that the charge occupation of the particles is a coherent phenomenon.

The ‘staircase” pattern can be understood in terms of Coulomb blockade [72].

In a single tunnel junction, the current is actually discrete due to the tunneling

of electrons across the junction under the influence of the bias voltage. The metal-

insulator-metal junction can also be treated as a capacitor. When the tunnel junction

capacitor is charged by an electron, a voltage, U = e/C, appears across the junction

where e is the electron charge and C is the capacitance of the junction. If the

capacitance is very small, the voltage buildup can be sufficiently large to prevent

another electron from tunnelling when the electrons are supplied by a current source.

The current is therefore suppressed at low bias voltages and the resistance of the

device is no longer a constant. The increase of the differential resistance around zero

bias is called the Coulomb blockade.

K. Mullen et al. [73] extended this concept by considering a device consisting of

two tunnel junctions in series. Fig. 22 shows a schematic in which the tunnel junctions

are represented by two capacitors and two resistors. Based on numerical calculations,

they shows that the I − V characteristics depend on the particular values of R1, R2,

C1, and C2. When R1 � R2, and C1 < C2, they obtained a staircase pattern in the

I − V curves. They explained that when a number of electrons, δQ, accumulates on

the “island’ ’ between the two capacitors, the Fermi level in the center region changes

with δQ even though the circuit is driven by a voltage source. The change in V1 as
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Fig. 22. Schematic representation of a pair of tunnel junctions connected in series,

driven by an ideal voltage source

δQ increases by one electron is e/(C1+C2). Correspondingly, the difference between

the Fermi energy on the right hand side of the first junction and the energy of the

tunneling electron shifts by half of this amount, that is, e2/2(C1 + C2). This shift in

the Fermi level inhibits tunneling at voltage below e/2(C1 + C2) producing a step in

the I − V characteristic.

An increase of the external voltage ΔVex will increase δQ by one electron,

ΔVex =
e

C2
(3.1)

producing a voltage jump, ΔV2 = e/(C1 + C2), across the second junction with a

corresponding increase in the current

ΔI =
ΔV2
R2
=

e

R2(C1 + C2)
(3.2)

If we average over four of the current steps and the corresponding bias voltages
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Vex, we get ΔI=1.7 nA, and ΔVex=0.42 V. Substituting the ΔVex into Eq. (3.1) we

obtain C2 = 3.81× 10−19 F and an average resistance of R = 2.69× 108 Ω. Because

of R2 � R1, we approximate R2 to be 2.0 × 108 Ω. Therefore, substituting ΔI into

Eq. (3.2) we obtain that

C1 + C2 =
1.6× 10−19

2× 108 × 1.7× 10−9
= 4.7× 10−19F

and therefore, C1 = 4.7 × 10−19 − 3.81 × 10−19 = 9 × 10−20 F, which satisfies the

condition C1 < C2.

In our Pt/Mn12-Ac/Pt junctions, a single Mn12-Ac molecule could act as an

isolated “island” between the two wires. During a tunneling process, an electron could

reside on the molecule. If the conditions R2 � R1, and C1 < C2 are satisfied,then

one should observe a staircase pattern.

According to reference [73], care must be taken to align the Fermi levels of

the “islands” by first holding the potential constant between the two electrodes. To

observe the steps clearly, the voltage must be swept at a rate faster than the “islands”

can alter their alignment. This is confirmed in our experiment because the staircase

pattern is never observed when the sweep rate is slower than 2 mV/s .

D. Junction Formed with Mn12-Ac Stored for 6 Months

After the deposition of Mn12-Ac on the platinum wires, we used two of the wires

to carry out the experiments described above. We stored the other coated wires

in a vacuum chamber (∼ 10−2 Torr) for 6 months and then repeated the above

measurements. In general, these junctions exhibited random switching of varying

frequencies, amplitudes, and positions.

Fig. 23 shows a typical result (82.7% out of 110 data sets corresponding to 22
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Fig. 23. Results from a Pt/Mn12-Ac/Pt junction in which the Mn12-Ac had been

stored in vacuum for 6 months. Although the current data (a) is similar to

that observed for junctions made with fresh Mn12-Ac, the dI/dV (b) and

d2I/dV 2 (c) data show random switching and hysteresis.

different junctions). The bias voltage sweep time is 2000 s and 1 mV/s. We noticed

that the hysteresis in dI/dV vs. V and d2I/dV 2 vs. V persists even though the bias

voltage sweep rate was decreased to the longest sweep time 2000 s. This switching

occurs even in the very low voltage region. As can be seen from Fig. 24 in which

data was recorded as a function of time at constant bias voltage (V = 0.2 V), the

switching is not a result of the changing voltage but due to fluctuations in time.

We believe that this switching behavior is due to the presence of electron traps

in the tunnel barrier[74]. According to Ref. [74], it is suggested that the traps are

microscopic systems in which atomic rearrangements cause trapping and ejection of

electrons. These systems have two available configurations, associated with which are

two coupled potential wells. Transitions between the two configurations will be ther-
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Fig. 24. Switching noise in the current (a), conductance (b) and d2I/dV 2 (c) as a

function of time at a bias voltage V = 0.2 V.

mally activated at high temperatures whereas at low temperatures atomic tunneling

may take place. Since the process is random and the charge fluctuation modulates

the tunnel barrier, the conductance should display “telegraph” or “switching” noise

similar to that seen in Fig. 24. The large number of electron traps in the stored

Mn12-Ac molecules suggests that over time the molecules may have decomposed into

small molecules.

Because the “staircase” pattern is easily distinguishable, we also tried to see

whether it could also be observed in junctions made with Mn12-Ac that had been

stored for 6 months. The best example is shown in Fig. 25 where that staircase

shape can be barely be seen even at low bias voltages. The corresponding peaks in

conductance are ambiguous.
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Fig. 25. The current (a), conductance (b) and d2I/dV 2 (c) of a junction made with

Mn12-Ac that had been stored for 6 months. The staircase pattern is no longer

obvious and the corresponding peaks are ambiguous. The curves have been

offset for clarity.

E. Al/Mn12-Ac/Al Junctions

With the DAD method, we also deposited Mn12-Ac on pure aluminum wires

(diameter 0.001 inch with 99.99% purity [75]) and measured the conductance of these

films. Because there is a natural oxide layer on the aluminum surface [76] [77], the

junction should behave as an equivalent electrical circuit of two capacitors in series and

therefore, according to Ref. [73], the I−V curves should exhibit a Coulomb blockade

staircase. Typical results for these junctions are shown in Fig. 26. We can see that

although there are steps on I−V curves, they are different from those observed in the

Pt/Mn12-Ac/Pt junctions because after each jump, the current continues to increases
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Fig. 26. Typical results of SATJ with Al/Mn12-Ac/Al. The staircase form of

I − V characteristics seem to exist but they are different from those of

Pt/Mn12-Ac/Pt. The curves have been shifted for clarity.

with V . We believe that the films formed by the DAD method are more uniform than

those formed by the PLD method. Therefore, the tunneling current in films made

with DAD may be averaging over more molecules and thereby reducing the Coulomb

blockade effect associated with a single molecule.
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CHAPTER IV

DISCUSSION

Although the results are quite reproducible for each individual junction, the

results for different junctions can exhibit a variety of phenomena[78]-[80]. This is

understandable as the tunneling behavior is very sensitive to many factors such as the

thickness and composition of the tunneling barrier as well as the specific energy states

and orientation of molecules within the junction. In our experiment, the variability

of the junctions makes it difficult to predict the behavior of a single junction so that

at best one can only summarize the different classes of reproducible behavior that

were observed. For example in 11% of the data sets, we observed very unusual I − V

characteristics that were very irreproducible. These traces usually appear when the

junction is freshly formed, and therefore we attribute this behavior to the mechanical

instability of the freshly made junction.

In the following we are going to discuss the results from Pt+Fe/Ne/Pte, and

Pt/Mn12-Ac/Pt.

A. Analysis of the Dip-Peak Transition of ZBFs in Pt+Fe/Ne/Pt Junctions within

the Two-Channel Kondo Model

To explain the low temperature behavior of the resistance of metals with impurities,

Kondo applied the phenomenological Hamiltonian[47]

HK = Js ∙ S+Hreservoir (4.1)

to describe a magnetic impurity embedded in a host sea of electrons. In the one

channel Kondo (1CK) model, the localized spin S of the magnetic impurity couples
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antiferromagnetically with strength J to the spins of the electrons, s, in the surround-

ing reservoir. The properties of the free electrons in the reservoir in the absence of

the magnetic impurities is described by Hreservoir.

We believe that the dip-to-peak transition observed in the Pt+Fe/Ne/Pt junc-

tions can be modeled by a variation of the 1CK in which the localized spin can

couple to two independent electron reservoirs. In the two-channel Kondo (2CK)

model [81],[82], the localized spin S antiferromagnetically couples to two independent

reservoirs of electrons [83]:

H2CK = J1s1 ∙ S+ J2s2 ∙ S+Hreservoirs (4.2)

where s1 and s2 are spins of electrons in the surrounding two reservoir where again

Hreservoirs describes the properties of the free electrons in the reservoirs. The sym-

metric 2CK state is formed when the two independent channels (or reservoirs) are

equally coupled to the magnetic impurity, that is, J1 = J2. Each reservoir individually

attempts to screen the local spin. As they cannot both screen the spin, this causes

an unstable situation resulting in a new ground state in which the local impurity is

only partially screened.

Any difference in channel coupling will force the system away from the non-Fermi-

liquid 2CK state and towards the 1CK state associated with the more strongly coupled

reservoir. This makes the observation of the 2CK effect difficult. However, the 2Ck

model has been used to describe the behavior of some heavy fermion materials [84]

[85] [86]. At the 2CK symmetric point, the differential conductance should depend

quadratically on the bias voltage for eV < kBT and should cross over to a
√
V

behavior at high bias voltages, eV > 3kBT [83]. The change in the conductance is

formally given by [87]-[89]
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ΔG

T 0.5
= κY (

eV

kT
) (4.3)

where κ is a constant related to the Kondo temperature TK and the scaling function

Y (x) is given by

Y (x) =






3
π

√
x− 1 for x� 1

cx2 for x� 1





(4.4)

This expression can also be rewritten as G(V, T ) = G(0, T ) + BT 1/2Γ(Ax) when

V � kBT/e. This form was used by Agnolet et al. [64] to fit the ZBFs in their

Pt/Ne/Pt tunnel junctions.

In our experiments, x = 1 (or equivalently eV = kBT ) would correspond to a

bias voltage of V = 0.36 mV at a temperature of T= 4.2 K. Since the half width of

the ZBFs is about 50 mV, the major part of our ZBFs belongs to the region for which

eV > kBT . Although the asymptotic behavior of the differential conductance in the

two extremes of bias voltage: V ≈ 0 and V � kBT/e is known, there is no analytical

solution for the relation between the conductance and the voltage at intermediate

voltages. A numerical solution for the scaling function was obtained from Dr. J. V.

Delft [90] and was used to fit our data.

In Figs. 27 and 28, we show the comparisons between the scaling function and our

experimental data. Fitting the data to the equation G(V, T ) = G(0, T )+BT 1/2Γ(Ax)

again, we found that A=0.06 and B = 0.00041K−1/2e2/h, for the dip (Fig. 27), and

A=0.0025 and B = 0.0011K−1/2e2/h, for the peak (Fig. 28).

The 2CK model mentioned above is not the only model that can explain the

scaling property of ZBF. Wingreen, Altshuler and Meir[91] have pointed out that a

model based on disorder could also generate a similar scaling function. However, J.
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Fig. 27. Comparison between the 2CK model and the ZBF (dip) for a Pt+Fe/Ne/Pt

junction. When V 1/2 is plotted on the horizontal axis, the relation between

the conductance (black and red dots) and the scaling function (blue line)

should be a straight line.

V. Delf et al. [92] showed that this type of model would contradict other important

experimental facts. Furthermore, the agreement between the experimental and theo-

retical scaling curves found in reference [91] was the result of an error in the analysis

[93]; once the error is corrected, the agreement ceases.

B. Analysis of the ZBFs of Pt/Mn12-Ac/Pt Junctions within the Kondo Resonance

Model

Although the Pt/ Mn12-Ac/Pt junctions also exhibit ZBFs, unlike the Pt+Fe/Ne/Pt

junctions, they are often asymmetric with respect to the bias voltage. We therefore

will analyze them in terms of the Fano resonance discussed in Chapter I. Within the
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Fig. 28. Comparison between the 2CK model and the ZBF (peak) for a Pt+Fe/Ne/Pt

junction. When V 1/2 is plotted on the horizontal axis, the relation between

the conductance (black and red dots) and the scaling function (blue line)

should be a straight line.

Anderson model[51], a Mn12-Ac molecule on the surface of platinum can be thought

of as a discrete orbital in resonance with the continuum of electron conduction band

states. An electron tunneling from one wire to the Kondo resonance has contributions

from the orbital and the continuum channels which leads to an additional quantum

interference term. The differential conductance, dI/dV , of the tunnel junction, gives

a measure of the rate of electronic transitions from the state at EF (Fermi energy)

on the negatively biased wire to the states at EF + eV on the positively biased wire.

In another words, it is a measure of the density of electronic-like excitations of the

positively biased wire that have energy eV measured with respect to EF . Thus one

can measure the spectra of the Kondo resonance by measuring dI/dV .
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Based on Eq. (1.19), we used the following equation to fit the dI/dV −V curves

in our experiments

dI

dV
= P1 + P2 ∙

[(V + P3) + P4]2

(V + P3)2 + P5
(4.5)

where

q = P4
/√

P5, kB ∙ TK ≈
√
P5

One such fit is shown in Fig. 29. For this fit, we obtain q = 0.0935, α = 4.7

meV, and TK = 613 K. We can see that Kondo resonance gives an asymmetric curve

rather than the symmetric one yielded by 2CK effect. The fit are typically poor for

large bias voltages |V | > 50 mV. Other effects such as inelastic tunneling [9], [94] and

changes due to electron trapping may need to be removed to improve the fit.

Fitting 132 sets of data [95], we obtained the average values q=1.9±10.5, α=-

1.5±8.7 meV, and TK= 290±154 K. Data sets with extreme values of the fitted

parameters (TK > 1000 K or <100 K, q<-0.5 and |α|>50) were excluded from the

average. Because the data are obtained from many different junctions, it is not a

surprise to see such large deviations. Different numbers, different configurations,

different positions of the Mn12-Ac molecules can all result in different values of q and

α. Although the variations in the values of TK is relatively small, TK can also depend

upon the configuration of the molecules [50].
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Fig. 29. dI/dV data (black) from a Pt/Mn12-Ac/Pt junction with a fit to the Kondo

resonance model (red) with parameter values of P (1) = 0.2746, P (2) = 6.1553,

P (3) = -0.0047, P (4) = 0.0049, P (5) = 0.0028 corresonding to TK = 613 K,

q = 0.0935, α = 4.7 meV.
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APPENDIX A

APPROXIMATION OF INTEGRATION

One can integrate an arbitrary function f 1/2 ,

∫ s2

s1

f
1
2 (x)dx, (A.1)

in terms of the average of the function f defined as

f =
1

Δs

∫ s2

s1

f(x)dx (A.2)

where Δs = s2 − s1. Equation (A.1) is first written as

∫ s2

s1

f
1
2 (x)dx = f

1
2

∫ s2

s1

{

1 +
f(x)− f

f

} 1
2

dx (A.3)

Expanding Eq. (A.3) and neglecting terms in [(f(x)− f)/f ]3 and higher powers,

∫ s2

s1

f
1
2 (x)dx = f

1
2

∫ s2

s1

{

1 +
f(x)− f

2f
−
[f(x)− f ]2

8f
2

}

dx. (A.4)

The integral of the second term in the brackets is zero [as defined by Eq. (A.2)];

thus, Eq. (A.4) integrates to

∫ s2
s1
f
1
2 (x)dx ≈ f

1
2Δs

{
1− 1

8f
2
Δs

∫ s2
s1
[f(x)− f ]2dx

}

= βf
1
2Δs,

(A.5)

where
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β = 1−
1

8f
2
Δs

∫ s2

s1

[f(x)− f ]2dx (A.6)

Usually

1�
1

8f
2
Δs

∫ s2

s1

[f(x)− f ]2dx

that is β ≈ 1. Thus,

∫ s2

s1

f
1
2 (x)dx = f

1
2Δs. (A.7)
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