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Preface

This Edited Volume is a collection of reviewed and relevant research chapters,
concerning the developments within the Quantum Electronics. The book includes
scholarly contributions by various authors and edited by a group of experts in the
field. Each contribution comes as a separate chapter complete in itself but directly
related to the book’s topics and objectives. The book includes chapters dealing with
the topics: Photonic Quasicrystals for Filtering Application, Synthesis of Curved
Surface Plasmon Fields through Thin Metal Films in a Tandem Array, Localized
Excitation of Single Atom to a Rydberg State with Structured Laser Beam for
Quantum Information and Single-Atom Field-Effect Transistor. The target
audience comprises scholars and specialists in the field.
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Chapter 1

Photonic Quasicrystals for
Filtering Application

Youssef Trabelsi

Abstract

In this chapter, we study the properties of specific one dimensional photonic
quasicrystal (PQCs), in order to design an output multichannel filter. We calculate
the transmittance spectrum which exhibits a photonic band gap (PBG), based on
the Transfer Matrix Method (TMM) and the two-fluid model. We show that the
generalized Thue-Morse (GTM) and generalized Fibonacci GF(m, n) distributions
provide a stacking of similar output multichannel with zero transmission when
the input was a sharp resonance of peaks at given #n = 2pm where p, is a positive
integer. Also, we consider GTM configuration and we apply a deformation
y = x"*1 along the PQC filter, which enhanced the band width of each channel
with respect to the number of peaks inside the main transmittance. Here, the
coefficient s represents the deformation degree, x and y are thicknesses of the
layers before and after the deformation, respectively. This improves the charac-
teristics of PBG.

Keywords: hybrid quasiperiodic PC, superconducting materials, GTM sequence,
GF sequence, multichannel optical filters, deformed 1D photonic quasicrystals

1. Introduction

Photonic quasicrystals (PQCs) which are made of alternating dielectric and
superconductor layers intervene in numerous researches due to their interesting
optical properties [1-5]. This type of crystal is an artificial super lattice which is
built according to quasiperiodic sequences. It is considerably different than pho-
tonic crystals (PCs) since it is a non-periodic structure with perfect long-range
order and lack translational and it can be considered as an intermediate class
between the random and periodic media. Our considered PQC consists of a stack
of two different layers A and B which represent building blocks having a self-
similarity distribution and long range order with no translational symmetry.

We mention that there are numerous examples of aperiodic chains constructed
by a substitution rule. These chains allow forming many deterministic PQCs struc-
tures such as: Fibonacci, Thue-Morse, Rudin-Shapiro, Cantor, and Doubly periodic
sequences.

Based on PQC heterostructure, many studies have been performed to carry out
new optical devices. In this direction, the introduction of superconducting materials
into the regular PQC photonic structure has been investigated in [5-7] in order to
improve the characteristics of photonic band gap structures (PBGs) by changing the
operating temperature of superconducting layers.

1 IntechOpen
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Recently, 1D deterministic multilayered structure including superconducting
layers have attracted much attention in developing new kinds of optical filters
which make new PQCs devices for optoelectronic system [5, 8-11]. These quasipe-
riodic filters have been extended to thermally photonic crystals, including certain
cascades superconducting/dielectric layers. It may be used in specific operations as
specifying thermal sensors for remote sensing applications. In [12], the authors used
superconductors instead of metals within the PC because of the damping of elec-
tromagnetic waves in metals. Moreover, the properties of PC including supercon-
ductors are mainly depending on the temperature T. In this chapter, based on
hybrid dielectric/superconductor photonic quasicrystals, we develop a multi-
channel optical filter with tenability around two telecom wavelengths. The main
multilayered stacks are organized following quasiperiodic sequences. Hence, a mul-
titude of channel frequencies with zero transmission can be created inside the main
photonic band gap (PBG), which offers a resonance state due to the specific defects
insert along the structures.

The characteristics of PBGs depend on the parameters of sequences, the thick-
ness of the superconductor and the operating temperature. Furthermore, a multi-
tude of transmission peaks were created within the main PBG which shifted with
temperature of superconductors and lattice parameters of the aperiodic sequence.

We also show that, by monitoring the parameters of GTM, the transmission
spectrum exhibit at limited gaps a cutoff frequency which is sensitive to the tem-
perature of superconducting layers. The properties of stop channel frequencies can
be notably enhanced by applying a whole deformation y = x"*1. Here, x is the main
PQC and y the structure after deformation. It is found that the gaps broad in with
the increase of h. Thus, the main structure can be used to design a useful tunable
multichannel filter in the optical information field.

2. Problem formulation

In all this work, the photometric response (transmission and reflection) through
the 1D photonic quasicrystal which contains superconductors, are determined by
using the Transfer Matrix Method (TMM). We use also the theoretical Gorter-
Casimir two-fluid model [13, 14] to describe the properties of the superconductor
material (YBa,Cuz0-).

The application of the two-fluid models and Maxwell’s equations through, imply
that the superconducting materials’ electric field equation, obeys to the following
equation:

VZE+kJIE=0 1)

Where the wave number satisfies the corresponding equality:

@ 1
C2 7»]_‘2

2

ke =

with uy and ¢ = 1/,/ug€0 denote the permeability and the speed of light in free
space, respectively.

As mentioned above, the electromagnetic response of superconducting materials
with the absence of an external magnetic field was defined by the Gorter-Casimir
two-fluid models (GCTFM) in [13, 14]. According to GCTFM, the complex con-
ductivity of a superconductor satisfies the following expression:
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Where 7; is the electron density and w is the frequency of incident electromag-
netic wave. Moreover, ¢ and m represent the charge and the mass of electron,
respectively. Under the approximation condition indicated in [14], the imaginary
part of conductivity is given as follows:

—i
o(w) v — 4)
wuo%f(T)
where A, signifies the term of London penetration depths and satisfies the
following equality:
m
N =—.
Y ponge? ©
The complex conductivity is given by this formula: 6 = 6; — jo,, where 6; and o,
are the real and imaginary parts of 6. Thus, the complex conductivity satisfies [14]:

1

%1 = (D) ©

where o is the operating frequency. The London temperature-dependent pene-
tration depth is:

M0)

Where A(0) denotes the London temperature penetration depthat T = 0 K, and G(T)
is the Gorter-Casimir function. In this case, G(T) = (T/T.)?, where T, and T are the
critical and the operating temperatures of the superconductor, respectively.

Based on the Gorter-Casimir theory, we obtain that the relative permittivity of
lossless superconductors takes the following equality [14]:

2
g =1— b 8)

where oy, is the threshold frequency of the bulk superconductor which satisfies:
w?, =~ /2.
Then, the refractive index of the superconductor is written as follows:

1
2poeod |
L

ng=+/es=4/1— 9

In the following, the photometric response through the 1D photonic quasicrystal
which contains superconductors, is extracted using the Transfer Matrix Method
(TMM). This approach shows that the determination of the reflectance R and the
transmittance T depends on refractive indices #; and lower refractive indices 7, .

According to TMM, the transfer matrix C;j verifies the following expression [15]:

Egy i1 b | Emn
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For both TM and TE modes, C; satisfies:

e (i) ne ()

G = ; (11)

Ij exp (i(ijl) exp (_i(ijl)

Where ¢;_; denotes the phase between the two succeed interfaces and it is given
by the following formula

2n .
Q1= Tnj—ldj—lcosej—l (12)

For the two polarizations (p) and (s), the Fresnel coefficients t; and 1; take the
following equalities [15]:

nj_;cos0j — njcosd; 4 2n;_1cos0;_1

Iy = — - == _
Jp n;j_1costj + njcosbj_1 > n;j_1costj + njcosbj_1 (13)
n;j_1cos6;_1 — njcosb; 2n;_1cosbj_1

Iig = — _ . tiy = — _
s n;_1cos0j_1 + njcoso; >E nj_1cost;_1 + njcosd; ’
where fij and 6 are respectively the refractive indices and the angle of incidence
in the j™ layer which obey to the Snell’s law: fij_;sin;_; = fijsin; with j€[1, m + 1].
Consequently, the transmittance satisfies [15]:

A, 100, A 10080,
T. — Re <n+lc°S+1) tsf’s Toy = Re (W) ol 14
figcosby ngcosty

3. Generalized quasiperiodic sequences
3.1 Generalized Thue-Morse sequence

A one dimensional GTM sequence is called aperiodic because it is more disor-
dered than the quasiperiodic one. In addition, the two different materials included
in one dimensional GTM system should be structured by applying the substitution
rule: ogrm(H, L) : H — HTL" L — L™H" [16], where H and L represent the two
layers, having the higher and the lower refractive indices, respectively. We note
that the Fourier spectra of the GTM sequence is singular and continuous. Also, the
GTM quasiperiodic chain is generated by a recursive deterministic sequence Sy,
verifying: Si.1 = STS, , where S, is the conjugated sequence of SI, m and n are the
parameters of GTM sequence with order k. This rule can be applied to two dimen-
sions: horizontally and vertically.

Based on GTM sequence Sy 1, we give Table 1 which illustrates an example of
organized multilayered stacks (H, L) form =n = 2.

The configuration of the proposed 1D photonic dielectric/quasiperiodic
superconducting layers which is built according to the GTM sequence is shown in
Figure 1.

3.2 Generalized Fibonacci sequence

1D Fibonacci quasiperiodic sequences are constructed by applying the inflation
rule in [17]: 6gr(H,L) : H — HL, L — H for the two blocks H and L, where H
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Order of GTM Organized {H, L} blocks according GTM(2, 2) sequence
1 HHLL, with Sg = H

2 HHLLHHLLLLHHLLHH

3 HHLLHHLLLLHHLLHHHHLLHHLLLLHHLLHH

LLHHLLHHHHLLHHLLLLHHLLHHHHLLHHLL

Table 1.
Repeated {H,L} blocks determined by applying the substitution vule ogrm(H,L).

Figure 1.
Schematic drawing of 1D multilayered stacks made of dielectric (D)/superconducting materials (S), built
according to the GTM(2, 2) sequence.

denotes the material with the higher refractive index, and L denotes the material
with the lower refractive index. The GF chain is generated using the substitution
rule: ogr(H,L) : H — H”L" L — H. Thus, the GF sequence Sy, satisfies the recur-
sion relation: Si1 = Si'Sp; with k is the order of GF sequence.

The Fourier transform of Fibonacci class of quasicrystal gives discrete values
which represent the significant property of crystals. We note that the eigenvalues of
related matrix Fibonacci spectrum are Pisot numbers. For the Fibonacci-type, the
material waves interfere constructively in appropriate length. The analysis of
Fibonacci quasicrystals submitted to X-ray diffraction shows a multitude of Bragg
peaks. Moreover, quasicrystals which are based on the Fibonacci distribution
ordered at long distances, show a typical construction without a forbidden symme-
try. Hence, the generalized Fibonacci (GF) type gives some basic proprieties which
are identical to those given by simple Fibonacci class such as Fourier spectrum with
Bragg peaks, inflation symmetry and localized critical modes with zero transmission
called pseudo band gaps. In a generic form of the organized multilayers (H, L)
through Fibonacci sequence, the four multilayered stacks are grouped in Table 2.

As an example, the third order of GF(m, n) quasiperiodic photonic structure
containing alternate dielectric (D) and superconducting layers (S) withm =n =2 is
shown in Figure 2.

Order of GF Organized {H,L} chain according GF(2, 2) sequence
1 HHLL, with Sy = Land S; = H

2 HHLLHHLLHH

3 H?L? H2L’HHH?L’H?L’>HHH?L*H?.2

4 H’L*H?L*HHH?L’H*L’HHHL*H’L*H?L?

H2L’HHH?L’H’L*HHH’L*H?L’H?L*H?L?HH H?L*H?L’HH

Table 2.
Generation of Fibonacci sequence and organized blocks (H, L) repeated by the substitution rule ogr(H, L).
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Figure 2.
Schematic representation showing the third generation of 1D GF(m, n) quasi-periodic multilayered stacks

consisting of alternate dielectric (D)/superconducting materials (S).
4. Results and discussion
4.1 Multichannel filter narrow bands by using GTM sequence

4.1.1 Effect of GTM(m, n) parameters

In this subsection, we give the transmission properties of GTM and GF quasi-
periodic one-dimensional photonic crystals (IDPCs) which contain
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Figure 3.
Transmittance spectrum versus frequencies of hybrid GTM multilayered stack at given parameters: n is set at 2,
3, 4 and 5 form = 2.
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superconductors. We recall that our one dimensional photonic quasicrystal is made
of alternating superconductors and dielectrics (SiO,) with ny, = 1.45. In particular,
the superconductor is assumed to be YBa,Cu30; with a critical high-Tc temperature
(Tc = 93 K) and a London penetration depth at zero temperature

7»]_‘(0) = 7\0 = 145 nm.

We adopt TMM approach to exhibit the transmittance, band gaps and charac-
teristics of the hybrid GTM and GF photonic quasicrystals.

Figure 3 shows the transmittance spectrum, at normal incident angle for differ-
ent n values.

We remark that the spectrum give a stacking of similar channels with zero
transmission covering the whole frequency range. We also observe that the number
of gaps increases with an increase of the lattice parameter n of GTM.

Also, sharp peaks of transmission appear for specific multiple frequencies. All
peaks prohibit the stop band gaps and form a fine zone of propagation wave. This
zone constitutes a little region of transmissions with small half bandwidth
Af = 1.2 THz. Similarly, the size of the output channels becomes narrow as n
increases. Then, a large PBG zone was created. Thus, we note that the characteris-
tics of channel filters are sensitive to lattice parameters of GTM sequence which
organized the layers H and L. The similarity of transmission spectrum is caused by
the self-similarity of geometrical GTM structures.

4.1.2 Effect of the thickness of superconductor on GTM structure

In this part, the superconductor’s thickness is changed by varying the permit-
tivity of its refractive index. Figure 4 shows that a large PBG augments with an

Roflexdon (%)

]

{
.
ol
1 (i,
i Foauery (01
Reflexion (%)
i
]
E m
; N
m
]
15
i o) - | Foiquanicy B
Figure 4.

The 3D reflectance spectrum through hybrid GTM (m, n) hetevostructuve at given values of superconductor’s
thicknesses: d, is set at 20, 40, 60 and 80 nm.


http://dx.doi.org/10.5772/intechopen.81572

Quantum Electronics

augmentation the thickness. Full gaps were obtained for d; = 80 nm. The ampli-
tude of oscillations around the channels with T = 0 decreases with an increase of
d;. Also, a set of peaks is obtained for high values of thickness. Accordingly, the
dip of each gap increases when the thickness of YBa,Cu30; increases, and the
pseudo PBG becomes a gap with zero transmission. This improves the character-
istics of channel filters.

4.1.3 Quality factor (Q)

In this part, we calculate the quality factor based on the following formula:

Q =~f,/Af, where Af is the Full Width at Half Maximum (FWHM) of transmis-
sion peak and f, is the wavelength of maximum transmission.

Our calculation is summarized in Figure 5 which gives the evolution of quality
factor Q versus the frequency center of resonant transmission peak for different
superconductor temperatures T. We remark that Q is very sensitive to the position
of resonant peaks in 170-171 THz frequency range and it is inversely proportional to
superconductor’s temperature T. The FWHM are approximately equal for the lower
frequencies and it sharply increase for the higher frequencies range. Then, a high
pass filter can be obtained for lower T.

In order to show the consequences of the variation of parameter p of GTM
sequence, we determine the transmittance T versus the frequency for p = 7.

As it can be seen from Figure 6, the number of defect modes or channels
depends on the superconductor’s thicknesses and the distribution of layers. More-
over, the transmission spectrum exhibit a stacking of narrow gaps without oscil-
latory behavior. The bandwidth of each gap decreases regularly for an increase
of parameter n and it probably forms a great wide PBG covering all telecommu-
nication frequency range. The number of the transmission peaks increases as p
increases. The band gaps are symmetrical about the separated transmission due to
the symmetry of layers within the GTM structure.

4.1.4 Effect of superconductor temperature on GTM structure

In this subsection, we study the influence of superconductor’s tempera-
ture on transmission spectrum of 1D hybrid GTM structure for different
incidence levels. Thus, we evaluate the characteristics of multichannel. Indeed,

704
_l
M T i/
o ¥
& 50+ f
]
&
Zun-
g
a i
30 4 I
/
o
-
20 - ] a— m L ] L
T - T " T v T T - T
1700 1702 1704 170.8 1708 L
Frequency of resonant peaks (THz)

Figure 5.
Variation of factor quality Q of the GTM quasiperiodic multilayered stack containing a superconducting
material versus frequency f (THz) at the frequency range between 170 and 171 THz.
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Figure 6.
A schematic view of transmittance spectra through the one dimensional photonic quasicrystals arranged
according to GTM sequence forn = 2 and p = 7.

T=20K

# jrad}

g}

Figure 7.
A schematic view of distributed transmission of hybrid GTM photonic heterostructuve versus frequency and
incident angle for T = 20, 40, 60 and 8o K.

Figure 7 shows that GTM multilayer stack exhibits a specific zone with zero
transmission (the yellow area) for different incident angles. In the corres-
ponding band, the propagation wave is prohibited and reached the maximum
recovers for 6 = 1.5 rad.
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Moreover, the spectrum presented a stack of band gaps and separated by sharp
transmission peaks (the blue areas) allows the propagation of wave in this specific
region of frequencies. The size of propagate zone within all PBG is sensitive to
temperature T of YBa,Cu30;, The width of transmission peak within the channels
increases progressively with the increase of T. A large zero of reflection bands is also
noticed for T = 80 K, it covers all optical telecommunication frequency range and it
constitutes perfect reflectors in these region.

4.1.5 Enhancement of PBGs by applying a particular deformation

In order to improve the characteristics of filtering channels, we apply a particu-
lar deformation h satisfying the following low y = x"*', where, x and y represent the
coordinates of the main and the deformed GTM heterostructures, respectively.

We recall that in the main structure, two forms of layer, H and L are organized
in a GTM sequence, where H and L are the superconductor and dielectric materials,
respectively.

Then, the optical phase becomes: ¢;_; = 27/ Ax(, cos 6;_1. Here, the optical thickness

after deformation noted x|, satisfied the following form: x, = 1¢/4 ( (- 1)”’). In

this case, j and A indicate the optical thickness of jth layer which depends on defor-
mation value % and the reference wavelength. According to this notion, Figure 8
illustrates the distributed of H and L with low and high refractive indices of the main
and deformed multilayered stack. We take 2 = 0.1and m =n = 2.

Figure 9 shows the reflectance spectrum for a corresponding deformed GTM
heterostructure. For the optimum value of deformation, similar peaks of transmis-
sion appear inside all PBGs. This selective channel of transmission is sensitive to
parameter n of GTM. The reflection bands form a typical output multichannel.
Also, the number of channels and transmission peaks within PBGs increase when n
augments. The channel of each PBG becomes narrow as n increases. In this case, m
was maintained fix at 2. As a result, the characteristics of PBG are improved by
applying the deformation /. Consequently, it is possible to improve the filtering
properties by varying the suitable configuration of GTM parameters and the defor-
mation /.

In order to improve the characteristics of filtering channels, we apply a defor-
mation to the whole thicknesses of the main GTM structure. Figure 10 shows
the distributed of transmission versus frequency for varying deformation /.

2
G A A R L

T

-G T

D-GTM

Figure 8.
Schematic representation of the main and deformed GTM photomc quasicrystals containing S and D materials,
respectively. The deformation obeyed to the power law y = x"

10
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Figure 9.
3D reflectance spectrum at normal incidence from 1D GTM multilayered stack as a function of frequency (Hz)
and deformation h with parameter n set to be 2, 4, 6, and 8.

The distribution of electric fields exhibits a stacking of a bending zone with zero
transmission (yellow areas) and it is limited by harmonic peaks in blue fine zone.
Then, these bending reflection bands are sensitive to superconductor’s temperature.
Thus, the PBGs are enhanced for an increase of T. In addition, the zone of trans-
mission increases and the split peaks become narrow when T augments. Thus, the
contrast indices of the two materials increases with T. Consequently, the considered
factors cause broadening channels. Similarly, the intensity of transmission in all
structures is reduced.

4.2 Generalized Fibonacci (GF) multichannel filters
4.2.1 The effect of GF(m, n) parameters

In this subsection, we study the properties of filtering through the 1D quasipe-
riodic GF multilayered stacks which contain superconducting materials. The con-
sidered common sequence suggests a typical aperiodic distribution of two
alternating layers H and L with high and lower refractive indices, respectively.

The two constituent materials are arranged following the GF(m, n) sequence for
m = pn, where p is a positive integer. We found that the transmission spectrum give
similar band gaps which depend on the distributed layers initially fixed by the GF
parameters (Figure 11). Therefore, the channel with zero transmission becomes

11
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Figure 10.
A schematic view of distributed transmission of hybrid GTM multilayer stacks as a function of deformation
degree h and frequency for different temperature values.

narrow when p increases. The hybrid GF heterostructure possess an oscillation
transmission around all PBGs. Moreover, the stacking channels are symmetric
around the reference frequency.

4.2.2 The effect of contrast indices on hybrid GF(m, n) system

In this subsection, we show the effect of the contrast indices between two
alternating materials on the filtering properties. The contrast indices satisfy the
following relation: An = ny — ng with n, and ny represent the refractive indices of
superconductor and dielectric, respectively. The same conditions are conserved to
extract the transmission through the considered GF heterostructure.

Figure 12 gives the transmittance spectrum for different values of contract
indices. We mention that the GF form exhibits a large frequency range with
zero transmission and shows at limited gap a sharp transition from 0 to 1 at
given An.

The intermediate point between inhibited and propagated waves indicates the
cut-off frequency that allows the signal to propagate again, showing itself as a stop
band filer. Moreover, we remark that the positions of the two cut-off frequencies f,
and f.y are very sensitive to the contrast indices. As long as An augments, the PBG
increases similarly with the high cut-off frequency. Such interesting property may
be applied to design a perfect reflector for high refractive index of superconductors.
Thus, this type of reflectors exhibits a large bandwidth that contains the optical
telecommunication frequency range.
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Transmittance spectrums from 1D hybrid GF structure containing alternating dielectvic/superconducting layers
at given parameters: n set to be 2, 3 and 4 with m = 2.
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Figure 12.
Schematic representation of transmittance spectrums from 1D GF multilayered stacks at given An: n set to be
3,4 and 5 with n,y = 1.45.

5. Conclusion

The filtering properties of the 1D hybrid heterostructure built according to the
GTM and GF sequences are investigated in this study. It was observed that the two
common quasiperiodic sequences exhibits a multitude of channels with zero

13


http://dx.doi.org/10.5772/intechopen.81572

Quantum Electronics

transmission for specific values of parameters m and n. In particular, the spectrum
of GTM system possesses similar narrow gaps without oscillation beams at a given
parameter: m = 2 pm. Indeed, a sharp transmission peak is appreciated in the
whole frequency range whose positions are sensitive to superconductor tempera-
ture. Therefore, the considered system can be useful as a selective pass band
multichannel filter whose narrow bandwidth can be adjusted by temperature. In
addition, the main GTM system gives staking gaps which are enhanced by apply-
ing a specific deformation. Similarly, the GF heterostructure suggests an identical
channel frequencies without transmission as compared to GTM system but their
spectrum have particular oscillations around the cut-off frequency. Thus, the
properties of filtering change by modifying the type of sequences and the
parameters of constituent materials.
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Chapter 2

Synthesis of Curved Surface
Plasmon Fields through Thin
Metal Films in a Tandem Array

Gabriel Martinez Niconoff, Marco Antonio Torres Rodriguez,
Mayra Vargas Morales and Patricia Martinez Vara

Abstract

We describe the generation of plasmonic modes that propagate in a curved
trajectory inducing magnetic properties. This is performed by masking a metal
surface with two screens containing a randomly distributed set of holes that follow a
Gaussian statistic. The diameter of the holes is less than the wavelength of the
illuminating plane wave. By implementing scaling and rotations on each screen, we
control the correlation trajectory and generate long-range curved plasmonic modes.
Using the evanescent character of the electric field, the study is implemented for
the transmission of a plasmonic mode propagating in a tandem array of thin metal
films offering the possibility to generate localization effects.

Keywords: plasmon mode, surface plasmon field, speckle, thin films,
curved correlation trajectory

1. Introduction

During the last decade, the scientific community has shown an increasing inter-
est in the models of plasmon fields due to their potential applications, which occur
practically in all branches of science and technology. In the present study, we
emphasize the analysis of correlation trajectories on a metal surface with random
structure. The resulting model offers applications to development of nano-antennas
having the possibility of a tunable bandwidth [1]. This type of structure has appli-
cations in the synthesis of new light sources and the control of magnetic effects [2].
The tunable effects are controlled with the curvature parameter having applications
in surface-enhanced Raman spectroscopy (SERS), also as the local excitation of
quantum dots. Implementing the evanescent behavior of the plasmon field, the
analysis is extended to the propagation of plasmon fields through a tandem array of
metal films similar to photonic crystal structures [3, 4].

As a starting point, we describe the study of the electric field in the neighborhood of
a nanoparticle using the electrostatic approximation [2]. The electric field corresponds
to the plasmon particle. This model allows the description of the interaction between
two plasmon particles. The interaction is extended to describe the plasmon fields
propagating on a surface generating a wave behavior satisfying the Helmholtz equation
where the wave number must have complex values in order to recover the traditional
surface plasmon models. Controlling the random distribution of nanoparticles, we
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analyze the correlation effects leading us to induce localization effects. This last state-
ment is obtained by masking thin metal surface with two independent random array
hole distributions. Controlling the scale factors, we modify the curvature of the corre-
lation trajectory. The model is related with a speckle pattern emerging from a rough
surface [5]. This configuration is similar to the configuration proposed by Reather for
the coupling of plasmon fields. Experimental results are shown.

2. Analysis of plasmon particle

A nanoparticle is generated by a set of atoms; the plasmon particle corresponds
with the surface current distribution of the atoms. The analysis is implemented
applying the electrostatic approximation given by

Vi =0, (1)

where ¢ is the potential function. Using variable separation in Cartesian coordi-
nates on the x — y plane, the equation acquires the form

2 2
20 ‘;y_‘f ~o. @)
Proposing the solution as
¢ =X(x)Y(y), (3)
we obtain the equation system
X—-a?X=0 (4a)
Y +a’Y =0, (4b)

where the coupling constant o is a complex number having the form a = a + ib.
This condition is necessary because perturbing the field, it must acquire a propa-
gating behavior as it is shown below. Solving for X, we have
X = Clecxeidx + Czecxefidx’ (5)
and the solution for Y is given by
Y = DieYe . (6)
Then, the complete solution ¢ acquires the form
¢ — Aecxeidxe—dyeicy’ (7)

with¢ < 0 andd > 0. Eq. (7) represents the boundary condition for the plasmonic
field.

2.1 Description for the interaction between plasmon particles
The model is extended to describe the propagation of the electric field. For this,

we propose that the electrostatic approximation is no longer fulfilled, acquiring the
form of the Helmholtz equation having the form
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V2 + k2 = 0. (8)

Looking for propagation along the x-coordinate, the equation acquires the form
P’y
¢+ay‘f+k2¢:o, 9)
where k is the complex wave number k = k; + ik,. Proposing a solution of the
form ¢ = X(x)Y(y), we obtain the equation system given by

X+ (K -h)X=0 (10a)
Y+a’Y =0, (10b)

whose solution acquires the form
b, = Me" e ¥ e~ el (11)

this equation must recover the structure of the electrostatic approximation for a
single nanoparticle.

From the previous solution, it is easy to identify its behavior. Along the
y-coordinate the field is bounded by the exponential term, which remains
unperturbed by the presence of a second particle; the interaction occurs mainly in
the x-coordinate. This behavior may be generalized acquiring a wave effect. A
balance relation between the complex wave number k£ and the constant coupling
a can be predicted; this interaction decreases the evanescent term, and the
propagating term becomes dominant. This interaction is sketched in Figure 1.

In Figure 1a, the electrostatic approximation is valid for a single nanoparticle; the
wave behavior is generated by another set of particles interacting shown in Figure 1c.

Until this point we have described the generation of a wave propagating in the
x-coordinate; this analysis can be extended to the propagation in the x — y plane,
which is analyzed in the following section.
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Figure 1.
(a) Localized electric field for a plasmon particle. (b) Interaction between two plasmon particles. (c) Sketch to
describe the generation of a plasmon field in an array of nanoparticles.
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3. Description statistics of correlation trajectories

In the present section, we describe the transfer of the statistical properties of an
anisotropic two-dimensional random walk model to generate wave propagation on
a metal surface, thus generating a curved surface plasmon mode. The model is
conceptually simple. We describe a trajectory in a two-dimensional array, starting
from a point P with coordinates (0, 0). The random walk is characterized by a set of
points randomly distributed, and the trajectory can be obtained from the correlation
function corresponding to the flows of current probability. The statistical properties
of a random distribution of points can be transferred to induce and control impor-
tant physical effects. For example, it is known that the amplitude distribution of a
speckle pattern follows Gaussian statistics [6, 7]. The statistic of the speckle pattern
is matched with a random hole distribution, and it is transferred on a metal surface.
The analysis is obtained by masking the surface metal which is considered to be
formed by a set of square cells. The probability of a hole being present at the center
of each cell is P; therefore, the probability of the absence of a hole is (1 — P). The
surface contains N cells, and the probability of the surface contains 7-holes, assum-
ing that a Bernoulli distribution is

P(n) = (l;l)P"(l —-pN (12)

When the number of cells N increases, the Bernoulli distribution tends to a
Gaussian distribution of the form
1y

plxy) = e 5T, (13)

where 67 is the variance. Interesting features can be identified by describing the
self-correlation in this type of distribution. The simplest case occurs when two
screens are superposed and, subsequently, one of them is rotated by a small angle.
In order to understand the generation of the self-correlation trajectory, we focus on
a single hole. In this case, it is evident that the hole follows a circular arc by joining
all the points of constant probability and the complete correlation trajectory is a
circle. The result in this case is shown in Figure 2a. The correlation trajectory can be
controlled by inducing a scale factor in the distribution of random points. By

2) b) ©)

Figure 2.

( aguSet of points following a Gaussian distribution. (b) Correlation function between two Gaussian sets of
points where one mask was rotated by a small angle. (c) Probability flow trajectories between two mask
Gaussian points, one of them is scaled by approximately 95%, without rotation. (d) Same as in (c) but with a
votation of approximately 5.
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superposing the two screens again, it is evident that the scale factor shifts the point
along a linear trajectory perpendicular to the regions of constant probability, which
are sets of circles, as deduced from the argument of the Gaussian distribution. The
analysis is presented in an equivalent way for a speckle pattern using the fact that
both of them have the same probability distribution. In Figure 2b, we show these
correlation trajectories. Finally, by introducing a small rotation, the linear trajecto-
ries are curved, as shown in Figure 2c.

This result can be explained as follows: the correlation function of two scaled
and rotated surfaces have the form

1 x? +y?
p1(x,y) - pa(20,y) = m exXpy — 202
(14)

2 2
X exp {_ [d (xcos€ + ysen6]” + [d(—xsend + ycosb)) }

2
205

Analyzing the argument of the exponential function as a quadratic form, it can
be shown that the curves of constant correlation are ellipses, presenting a reference
system where they acquire the canonical form

2 2
S (15)

a2 b2 -
The probability flows through the orthogonal trajectories between the two
regions of constant probability, whose differential equation is given by

, b
y =-7 (16)

=
Further, the corresponding solution is given by

y =cx”, (17)

. . 2 . . . .
where c is an arbitrary constant and @ = %, which carries the information about
the scale between the two probabilistic processes.

3.1 Graphical description and experimental implementation of the correlation
trajectory

A fundamental part of the chapter consists of describing a method to generate
surface plasmon fields propagating along predetermined trajectories. This can be
obtained analyzing the correlation function between two screens where each one has a
random hole distribution following a predetermined probability density function. This
method has the characteristic that the correlation trajectory geometry presents a tun-
able curvature which allows the possibility to generate long-range surface plasmon.

An alternative model to generate the curved correlation trajectories is performed
using a speckle pattern as it is shown in Figure 4.

The optical system that rotates the image can be a prism-type Dove. Modifying the
illumination configuration using a convergent beam and changing the relative dis-
tance between the two speckle patterns obtained by shifting one mirror a scale factor
are introduced. The irradiance superposition between the two speckle patterns gen-
erates the desired correlation trajectories. The speckle pattern is shown in Figure 3.

It is known that the irradiance function for the speckle pattern has associated
a probability density function-type exponential decreasing function. The decreasing
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Figure 3.
Speckle pattern generated with a rough surface illuminated with a plane wave.
term can be matched with the decaying ratio of the plasmon mode. This configura-
tion allows improving the generation of plasmon field avoiding the masking of the
metal surface which must be made with lithography techniques. These comments
represent novel applications of the speckle pattern.

The correlation trajectories generated will be implemented in the following
section to describe the surface plasmon. By the fact that the correlation occurs in a
curved trajectory, we expect the surface plasmon to present a magnetic behavior.

3.2 Generation of curved surface plasmon modes
The previous statistical description will be employed for the synthesis of surface

plasmonic modes. The expression for the electric field of an elementary surface
plasmonic mode propagating along the z-axis is given by

E(x,z) = (fa + l%b) exp {—ax} exp {ifz}, (18)

1/2
where g =% (%) = £ +in is the dispersion relation function and &y, €, repre-

sent the permittivity of the dielectric and metal, respectively. Rotating the reference
system along the x-axis, the elementary surface plasmon mode acquires the form

E(x,z) = (fa + jbsind + l%bcose) x exp {—aix} exp {if(zcosO + ysin0)}.  (19)

Using the functional relation given by Eq. (17), the expression for the curved
plasmonic mode is given by

E(x,y) = (fa + jbsiné + Ebcos&) x exp {—aix} exp {if(y’cosO + ysin6)}. (20)

By means of the Maxwell equations, we can obtain the expression for the
magnetic field and the energy flux given by the Poynting vector.
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Figure 4.
Experimental setup to generate speckle correlation trajectories.

For the experimental setup, we propose to illuminate a thin flat Au film (thick-
ness ~20-40 nm) with a correlated speckle pattern as shown in Figure 4. The
illumination consists in two speckle patterns: each one is visualized as a set of
circular motes randomly distributed following a Gaussian probability density func-
tion. The wavelength is A = 1550 nm. The geometrical parameters are agreeing with
those reported in [8]. The correlation curve corresponds to the surface plasmonic
mode given by Eq. (20). Notably, the statistical properties of the speckle pattern are
transferred to the metal surface as the plasmonic mode propagating along the
correlation trajectory. In order to allow the generation of a long-range curved
plasmonic mode, the correlation length must be less than 2y to guarantee resonance
effects [9, 10]; this can be controlled with the roughness parameters of the surface
implemented to generate the speckle pattern avoiding the power decay along the
correlation trajectory. The experimental setup is sketched in Figure 5.

Plane wave

Transmittances with a
random hole distnbution

—= Glass substrate
Figure 5.

Masked metal surface: The typical wavelength is IR.
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The analysis presented can be extended to other plasmonic configurations which
are presented in the following section.

4. Propagation in a tandem array of thin metal films

The natural extension of the analysis presented is the transfer of the plasmonic
mode to a tandem array of thin metal surface, shown in Figure 6. This is possible
using the evanescent behavior along the x-axis of the curved surface plasmon field.
This behavior has been implemented to generate an optical field redistribution
propagating along an optical waveguide array [11]. In this model, the evanescent
character is used to tunnel the optical field.

The transmission of the plasmonic mode satisfies the following system of differ-
ential equations:

dE
i d; +BE, + Cyi1Epi1 + Cyp1Ey 1 =0 (21a)
n=123.., (21b)

where f is the dispersion relation function and C; represents the coupling con-
stant, which depends on the relative separation between neighborhood surfaces
[12]. The solution of the previous equation is similar to that presented in [11];
however, to associate a physical meaning to the coupling constant C;, we present
the analysis of two thin metal films.

The simplest case occurs when the system is formed by two thin metal films
separated by a dielectric medium whose thickness must be less than 50 nm. The
evanescent decay depends on the modulus of the permittivity quotient [13],
and at this thickness is possible to generate tunneling effects [11]. Subsequently, the
system of Eq. (21a) acquires the simple form

Plane wave

Transmittances with a
random hole distribution

M-Metallic thin film

D-Diclectric thin film

Gilass substrate

Figure 6.
Tandem array to propagate the plasmon field: the width of the metal is 20 — 40 nm and that dielectric film is
20 — 40 nm.
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dE,
1E +/)7E1 + C2E2 = 0, (223)
i‘% 4 BEy + C1E; = 0. (22b)

Rewriting it in matrix form, we obtain

dE4

N de | _ (P <

l dE, B <Cl /3>. (23)
dz

It can be deduced that, as a consequence of the energy conservation, the matrix
structure must be symmetric. This indicates that ¢; = ¢; = ¢, and the general

solution is
<E1 ) e dl < 51 > exp (/112) =+ dz <’71 ) exp (/122): (24)
E, & Up)

where d; represents arbitrary constants and &; ; and #, , represent the eigenvec-
tors with eigenvalues 4, satisfying the characteristic equation depending on the
coupling constant:

/11,2 zﬁ:I:c. (25)

Moreover, it is known that the eigenvectors must be complex [14]. Subse-
quently, without loss of generality, the solution can be rewritten as

(El) - d1<1,) exp (112), (26)
Ez 1

which indicates that the shift generated between each plasmon mode presents
similar features as the coupling mode theory [12]. This analysis leads to the expres-
sion for the plasmonic mode as

Ei=A¢ exp (—|ax|) exp (iffs) (27a)

E, =iA E exp (—|ax|) exp (ifs), (27b)

where £ is a unit vector tangent to the correlation curve and s is the arc length on
the same curve; we remark that the correlation trajectory is given by Eq. (20).

Eq. (24) describes the evanescent coupling through a tandem array of thin metal
films. Notably, the boundary conditions of the electric field indicate that the geom-
etry of the plasmon field generated in the first thin metal film must be preserved in
all the surfaces. This shows that the transmission of the curved plasmonic mode
allows inducing magnetic properties in the system [15-18].

5. Conclusions
The statistical properties of the distribution of random holes or equivalently the

speckle pattern were transferred to a metal surface to stablish the conditions to
generate long-range curved plasmonic modes. In the case of hole distribution, this
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can be implemented by masking a thin metal film with two screens that allows
controlling the correlation trajectory whose geometry corresponds to a curved long-
range surface plasmonic mode. Another possibility was illuminating the metal thin
film with two correlated speckle patterns. An important consequence of these
configurations is that the set of curved surface plasmonic modes presents a vortex
structure that allows to induce magnetic properties [17]. Using the evanescent
character of the plasmon modes, the electric field was transferred to the propaga-
tion in a tandem array of thin metal films offering applications to design photonic
crystals with tunable and localized magnetic properties.

The theoretical point of view presented in this study allows incorporating other
effects such as percolation effects which consist in propagating the electric field
through random structures. The main characteristic is that the plasmon field pre-
sents fractal properties which are the origin of interesting magnetic properties
implicit in the curved trajectory of the set of plasmonic modes; more details can be
found in [18]. The model presented can be extended by implementing different
hole distribution geometries which modify the plasmonic resonance effects. Nota-
bly, the curved trajectories have associated focusing regions, and, subsequently, the
corresponding magnetic singularity offers the possibility of implementation in the
generation of plasmonic magnetic mirrors.

Finally, we remark that the analysis presented offers applications to photonic
crystal as a metamaterial design [19-23] since breaking the periodicity or incorpo-
rating another type of metal on a selected region is similar to doping the structure
and then is possible to induce localization effects. The excitation of plasmon fields
using a speckle patterns offers the possibility to incorporate the tunable behavior of
the correlation trajectory offering interesting applications in the development of
plasmonic antennas and synthesis of accelerating plasmon modes [21], extending
the plasmonic optical models.
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Chapter 3

Localized Excitation of Single
Atom to a Rydberg State with
Structured Laser Beam for
Quantum Information

Leila Mashhadi and Gholamreza Shayeganrad

Abstract

Sufficient control over the excitation of the Rydberg atom as a quantum memory
is crucial for the fast and deterministic preparation and manipulation of the quan-
tum information. Considering the Laguerre-Gaussian (LG) beam spatial features,
localized excitation of a four-level atom to a highly excited Rydberg state is
presented. The position-dependent AC-Stark shift of the first and Rydberg state in
the effective quadrupole two-level description of a far-detuned three-photon
Rydberg excitation results in a steep trapping potential for Rydberg state. The
transfer of optical orbital angular momentum from LG beam to the Rydberg state
via quadrupole transition in the last Rydberg excitation process offers a long-lived
and controllable qudit quantum memory. The effective quadrupole Rabi frequency
is presented as a function of ratio of the first to Rydberg excitation laser beam
waist and the center of mass position inside the trap. It depicts high accuracy of
detecting Rydberg atom at the center of the trap, which can pave the way for
implementation of high-fidelity qudit gate.

Keywords: Rydberg excitation, dipole-quadrupole trap, Laguerre-Gaussian beam,
qudit

1. Introduction
1.1 Trapped neutral atom as quantum memories

Photons are ideal carrier of quantum information for communication, but stor-
ing them for a long time is difficult. In optical quantum communication, a quantum
network can consist of spatially separated quantum memories to store and manipu-
late information which is encoded in internal quantum state of physical system such
as photons, ions, atoms, etc. [1]. In order to operate a successful long-distance
quantum communication and quantum information processing, the quantum
memory should have a high-storage efficiency, which is defined as the ratio of input
photon energy to long coherence time. Different physical systems such as cold
atoms trapped in optical lattices [2-8] or cold ions in electrostatic traps [9] are used
as quantum memories. Ions are electrically charged and therefore can be tightly
confined in deep traps for a long time. However, the strong Coulomb repulsion
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limits the number of ions that can be precisely controlled in a single trap. In
contrast, more promising experiments could be made with the cold trapped neutral
atoms. The neutral atoms usually interact only at very short range and can be
collected in large ensembles without perturbing each other, and therefore the
decoherence and losing the quantum information due to the interaction with the
environment are low. In other words, single qubits [1] or even multi-qubits can be
encoded in atomic states which afford long coherence times. Cooling and trapping
of neutral atoms is one of the challenging techniques to achieve a higher signal-
to-noise ratio and to stabilize the system over long periods for more balanced
memory efficiency and fully control of all physical degrees of freedom with long
coherence times. To keep the atom in trap, it is necessary to raise the atomic trap
depth to be comparable to or even larger than the thermal energy of background
atoms. Although, in principle, there is no fundamental limit to the lifetime with
sufficiently deep traps, there are practical limitations. Optical traps for neutral
atoms cannot be arbitrarily deep since both the trap depth and the photon scattering
rate, which causes decoherence, scale proportional to the optical power. Even in the
absence of collisional losses as the main reason to lose the trapped atom, the heating
due to fluctuations of the trapping potential can eventually cause trapped atoms to
escape. As a result, the trapping system used to confine the atoms is switched off
during the storage. Nevertheless, the residual electric and magnetic field still limits
the lifetime of the quantum memory [10, 11]. For a quantum memory in a magneto-
optical trap (MOT), the atomic diffusion imposes a strict limitation on the storage
time, which in turn limits the maximum distance for quantum communication in
practical applications. On the contrary, the optical dipole trap can offer an array of
spatial forms which can be rapidly switched as well [12]. Optical dipole traps rely on
the induced atomic electric dipole interaction with electric component of the trap-
ping light. The power needed for trapping depends on the desired trap depth and
the detuning from the nearest optical transitions. Small detuning gives deeper traps,
with a depth scaling as 1/A, where A is the detuning from the nearest strong
electronic transition. This must be balanced against the }zvhoton scattering rate,
which causes heating and decoherence and scales as 1/A” [13]. When the light
frequency is far-detuned [12, 14, 15], a nearly conservative potential well with less
influence from spontaneous photon scattering is created for the atom. The AC-Stark
shift in the atomic state from the induced dipole gives sensitivity to intensity noise
of lasers and atomic position. The nonuniform spatial intensity profile results in the
intensity-dependent AC-Stark shift and defines the shape of associated atom trap.
Therefore, the AC-Stark shift affects the qubit level, and fluctuation in laser field
leads to broad the qubit line.

In red-detuned far-off resonance optical dipole trap (FORT) [16, 17], the laser
beam is focused to attract atoms to the region, where the intensity is high. The large
detuning efficiently suppresses the effect of scattered photons. On the other hand,
the blue-detuned FORT [18, 19] can confine the atom in the dark region of the blue-
detuned laser beams. The blue-detuned FORT has several advantages over the
bright trap of the red-detuned laser. As the atoms are trapped in the “dark” place,
the photon scattering rate due to the trapping laser can be greatly reduced, while in
the bright trap, this rate can be reduced only by increasing the detuning of the
trapping laser. A quantum memory of this sort thus has a potential storage time of
seconds [13]. In conclusion all the abovementioned issues, such as linear and
nonlinear scattering, recoil heating, intensity fluctuation, and pointing instabilities
of the trapping beams, result in dipole-force fluctuations, and collisions with the
background gas lead to heating up the qubit atom and therefore escaping from the
trap [20]. This motivates the researchers to look for a way to create more stable
quantum memories with longer storage time.
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1.2 Rydberg atoms for quantum information

The optical degrees of freedom of single atoms such as polarization, wavelength,
transverse mode, etc., can provide qubits or qudits for quantum information. Thus
control and manipulation of single atoms are now of great interest given the poten-
tial to create quantum registers with single-atom techniques [21-24]. Furthermore,
the observation of entanglement between a single atom and a single photon [25]
provides the precondition for quantum communication and computation. Ground
atomic states are ideal for preserving quantum coherence [26], but implementation
of fast and deterministic quantum operations is challenging due to their weak
interactions. Such considerations suggest to employ a quantum superposition of a
ground and a Rydberg state to achieve both fast and deterministic quantum opera-
tions and long-lived memory [27]. A Rydberg atom is an atom in a highly excited
state, typically with a principal quantum number n > 1. The excited valence elec-
tron can travel microns from the nucleus, while still remaining bound to it. Because
the Rydberg electron is so far from the core of the atom, the Rydberg atom develops
exaggerated properties, such as high polarizability. The strong dipolar interactions
between Rydberg atoms can potentially be used for fast quantum gates between
qubits stored in stable ground states of neutral atoms [28, 29]. The electric dipole
strength of highly excited Rydberg atoms results in the Rydberg excitation blockade
[28-33] which can be used in combination with electromagnetically induced trans-
parency (EIT) [34, 35] to generate quantum states of light, entanglement of several
atoms, and quantum logic gates [36-38]. The mapping of Rydberg interactions onto
photons by means of EIT has emerged as a powerful approach to realizing few-
photon optical nonlinearities [39-41] and provides the possibility to control the
interaction between photons, which is a key ingredient to the goal of quantum
information processing. Due to the nature of Rydberg blockade, the Rydberg
nonlinearity is a sufficiently large and long range to build an optical quantum
computer. The possibility to coherently control the quantum state of photon via
dark-state Rydberg polaritons opens up interesting applications in reversible quan-
tum memories for light waves [42] and shall find a possibility for a fast transfor-
mation [43].

1.3 Structured laser beam and atom

The development of structured laser beams such as Laguerre-Gaussian (LG)
beams has enabled the coherent production of large number of identical spiral
photons [44-47], which opens a new set of research in quantum optics in atomic
level. LG beams are characterized by three quantum numbers: (i) the wave number
k, (ii) the intertwined helical wave fronts 1 (an integer number) of azimuthal phase-
dependent that features a screw dislocation, and (iii) the radial nodes p [48, 50].
Each spiral photon in the LG beams carries [# of intrinsic orbital angular momen-
tum (OAM) along the direction of propagation [51], which is arising from their
nonuniform spatial intensity distribution. The characteristic shape of the intensity
distribution of LG beams as well as their intrinsic orbital angular momentum can be
observed as a result of this interaction. The exchange of angular momentum induces
a torque and an azimuthal shift in the resonant frequency besides the usual axial
Doppler shift and recoil shift which tailored the control of the motion of the center
of mass of the atoms to rotate about the beam axis [52, 53]. In higher order quadru-
pole transition processes, the internal motion of the atom participates in orbital
angular momentum exchange between structured light and atom [54-57]. How-
ever, in dipole transition, the interaction of LG beam with atom and therefore
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transferring of OAM from LG beam to the external degree of freedom of the atom
presents in the quantization of the center of mass motion of the atom [58].

A Rydberg atom with near classical size comparable to the wavelength of photon
is big enough to feel phase differences of the helical wave front of LG beams. The
LG beam has an advantage of control and narrows the resonances in electromag-
netically induced transparency. The orbital angular momentum of LG beams has
emerged as a popular choice for experiments on high-dimensional quantum infor-
mation [59]. The dark center of blue-detuned Laguerre-Gaussian beam is emerged
as an important feature to trap neutral atoms to decrease the atomic heating and
decoherence rates and minimize the AC-Stark shift [60, 61]. In quantum informa-
tion processing and data transmission, optical orbital angular momentum of spiral
photons can provide an extra degree of entanglement [48] to carry quantum infor-
mation in the different degrees of freedom by the higher dimensionality of the
Hilbert space. In other words, the information carried by each photon can be
increased significantly, from a qubit to a qudit, where d is the number of orthogonal
basis vectors of the Hilbert space in which the photon lives.

1.4 Rydberg excitation

The excitation of a trapped neutral atom to a highly excited Rydberg state with
long coherent time of ground-Rydberg transition is a promising platform for fast
multi-qubit gates. The Rydberg state lifetime must be taken into account since the
Rydberg state needs to be populated in order to implement two-qubit logical oper-
ations. The elementary operations necessary with Rydberg atoms in quantum
information rely on the ability to coherently excite a Rydberg state and then
returning them back to the ground state in controlled way so that the Rydberg atom
is available for further processing. The lack of widely tunable frequency-stabilized
ultraviolet wavelength diode lasers required for the direct excitation from the
ground state to Rydberg states as well as weak direct excitation cross section has led
to the use of multistep processes involving visible and near-infrared wavelengths
[62-64]. To limit the spontaneous emission from the intermediate states in
multistep excitation, which destroys the coherence, the population of the interme-
diate states can be manipulated by enlarging the detuning of the excitation laser
frequency from the respective resonance frequency compared to the Rabi
frequency of single-photon excitation. For large enough detunings, the intermediate
states can be eliminated and a four-level system can be approximated to a two-level
system with a total coupling strength. In this case, to obtain coherent coupling
between the ground state and the Rydberg state, it is necessary to achieve an
effective Rabi-frequency Q well larger than the linewidth of the Rydberg state or of
the driving laser fields. The coherent excitation of individual atoms trapped in tight
optical dipole using two-photon excitation process has recently been described
[65-68]. Also in order to cancel Doppler and recoil effects in Rydberg excitation,
which limit the fidelity of the quantum gate [69], three-photon Rydberg excitation
configuration is already proposed [70]. However, selectively localized and coherent
excitation of atom to a highly excited Rydberg state and creation of a perfect
blockade are still challenging [3, 71]. Firstly, the common red-detuned dipole traps
can store atoms in the ground state with low decoherence, but they do not trap
Rydberg states, and moreover, an atom in the Rydberg state moves in different
optical potential than that experienced by the ground state. Secondly, the photo-
ionization near the core due to the red-detuned trapping light, the sensitivity to the
stray fields because of the large electron orbit and large polarizability that scales as
« n7 [72], and the motional-induced dephasing presents crucial limits to the usable
spectrum. Thirdly, although the intermediate state detuning reduces spontaneous
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emission, however, the small spontaneous emission besides of atomic motion and
collisions [73] can limit storage times and therefore the ground-Rydberg atomic
coherence time. Fourthly, the weak oscillator strength between ground and highly
excited Rydberg state and very large electric dipole requires high laser excitation
intensity to achieve the required signal-to-noise ratio. Fifthly, in most
implementations using lattices or trap arrays generated with diffractive optics, it is
relatively difficult to control the trap intensity and avoid perturbation of the atomic
energy levels induced by inhomogeneous light distributions. Finally, in highly
excited state, the energy separation is very small so that the selective excitation of
the atom to a highly excited Rydberg state requires experimental technique with
extremely high resolution.

To reduce errors in Rydberg excitation experiments, one solution is turning off
the trapping system before the Rydberg excitation. However, it can cause problem
for implementations with many qubits and creates unwanted Doppler shifts. This
can be addressed by choosing a trap that works for both ground and Rydberg state
of the atom. On the other hand, for the implementation of Rydberg-based quantum
computing protocols with neutral atoms [3, 74-76], one can use a magic wavelength
at which two atomic states (ground and Rydberg states) experience the same AC-
Stark shift in a light field. In this chapter, a four-level Rydberg atom as a quantum
memory in far-off resonance optical dipole-quadrupole trap is introduced. The
controlling of the quantum state of localized Rydberg atom by tuning the excitation
parameters is presented. It is shown that the ability to control the quantum state of
Rydberg atom opens some interesting prospects for advances in quantum informa-
tion processing.

2. High precision excitation and manipulation of a localized single atom
to a highly excited Rydberg state

In this section, the theory of the three-step axial Doppler-free GGLG excitation
of an alkali atom (e.g., Rb) from the ground state to the desired Rydberg state at the
level of a single atomic excitation which is crucial for applications to quantum
information processing is presented. The Rydberg excitation process is based on far-
off resonance dipole-dipole-quadrupole transition. The quadrupole Rydberg transi-
tion in the last step is via LG-polarized laser beam. The Rydberg atom is localized at
the dark center of structured beam, where the effect of atomic vibrations as well as
AC-Stark shift is completely disappeared. The geometry of excitation as well as
unique properties of LG-Rydberg excitation beam provides qudit of quantum
memory in less disrupting effects such as motional heating effect, spontaneous
emission due to high power, AC-Stark and Doppler, and recoil shift at the center of
the trap which guarantee the high-fidelity gate.

2.1 Excitation configuration

The schematic diagram of a four-level atomic system is shown in Figure 1. We
denote |0 > to be the atomic ground state and |i > with 7 = 1,2,3 to be the respective
first, second, and third excited states separated by energy E;-E; ;. The atom is cooled
down to the recoil temperature and localized at the intersecting point of the excita-
tion laser beams in the transversal plane z = 0 as sketched in Figure 2(a). The wave
vectors k;, i = 1, 2, 3, lie in x-z surface with the z axis directed along the LG-Rydberg
excitation laser beams wave vector, k;. While the first and second Gaussian excita-
tion laser beams wave vectors, k; and k,, have the respective incidence angles 6, and
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Figure 1.
Energy-level diagram three-photon Rydberg excitation [77].

(b)

Figure 2.
(a) Geometry of Rydberg excitation via three-photon dipole-dipole-quadrupole transition. (b) Details of
vectors and quantities involving in the excitation process [77].
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0, to the z axis. As it is explained in the following section, this special geometry
provides the possibility for Doppler and recoil-free excitation.

The Rydberg atom-field interaction considered here corresponds to situations,
where firstly the Rydberg atom’s size is comparable to the LG-beam waist in the
third Rydberg excitation and the Rydberg electron sees the variation of the light
intensity. Different parts of the atom can feel different electric fields, and the
quadrupole transition, which seems to be negligible in most situations due to a
much stronger simultaneous effect of the dipole one, is considerably increased.
Secondly, the Rydberg and two intermediate states decay by spontaneous emission,
and it is assumed that the lifetime of the Rydberg state is much longer than the
other states, and so its decay can be neglected during the time scales relevant to the
excitation process. Finally, the dipole-dipole interaction between the Rydberg
atoms, which may induce the blockade, is omitted to focus on the single-atom
excitation mechanism.

2.2 Excitation laser beams

The four-level atom is driven by three laser fields, the Gaussian first and second
excitation laser field with respective frequency o, and ®, and the LG-Rydberg
excitation laser field with frequency w;. Neglecting the focusing and the radial
complexity and the mode curvature of the excitation laser beams, the electric field
of each one-photon transition in the cylindrical-polar coordinates is given by

El,Z(RJ_7 (D,Z) = e, 2E01’ szl,Z(Rl)ei(gl’Z(R))’ (1)
V2 |21 ‘
Erp(RL, ®,Z) = esEoséyy (w_o3> fres(RL)e @R, ()
where
fGl,z(RL) =e “’%1,2, 3)
ERp.
fres(Re) = R, le WOSLK‘ (—2l)’ (4)
Wos
@1’2(R) = l( . R’ (5)
and
03(R) =7Zp + ks -R. ©

Here e;, wy;, and k; are the polarization, beam waist at z = 0, and wave vector of
the ith excitation laser field, respectively. The electric field amplitudes E, are
connected to the laser intensity I; via Ey; = \/ (21;/ceq), where c is the speed of light
and gg is the vacuum permittivity. In Eq. (2), # corresponds to the optical orbital
angular momentum, the mode index p represents the number of radial nodes of LG

_ 2p! . . . 12| :
beam, s, = | /75577 is the normalization constant, and L' is the Laguerre poly-

nomial. The last excitation LG beam propagating along the z-direction in the plane
of the focus of the beam appears as rings with radius R, that is scaled linearly to the
optical angular momentum and proportional to the beam waist [78]. The polariza-
tion e; determines the particular transition conditions happened in ith laser beam.
The appearance of the polarization vector e; depends explicitly upon the choice of

37


http://dx.doi.org/10.5772/intechopen.82319

Quantum Electronics

coordinate orientation. In the basis of e;, where o = {1, —1, 0} corresponds to the
right circular, left circular, and linear polarization vector attached to the quantiza-
tion axis z in xyz frame, the e; are given by

e (0;, ;) = Zfin(gi, ?;)es (7)

where s;,(0;, ¢;) is the relation coefficient and ¢; is the azimuthal angle of
respective polarization according to Figure 2(b).

The ith laser excitation beam carries linear momentum #k;, and spin angular
momentum +# per photon relates to the excitation laser polarization, if circularly
polarized, while the last LG beam with an azimuthal phase dependence exp (il¢)
in addition to linear and spin angular momentum carries orbital angular momen-
tum that can be many times greater than the spin [49]. The combination of energy
selectivity, associated with the laser light frequency, and sublevel selectivity,
associated with polarization as well as angular momentum of light beam, provides
good controls and manipulation over the qudits in quantum information
processing.

2.3 The interaction of a four-level atom with three excitation laser fields

Let us begin with the four-level atom introduced in Figure 1. In general, the
state of the atom for the coupled atom-laser system can be written in terms of the
eigenstates of Hyiom, the unperturbed Hamiltonian for the atomic system in the
absence of the excitation laser, as

y(r,2)) = coOwo(K)eH10) + X ci ey (K)e 7, (8)

where ¢; (i = 0, 1, 2, 3) is the probability amplitude of 7th state. The Hamiltonian
for the system can be taken as

I:i: ﬁatom +I/_}int: (9)

where ﬁint :ITId —&—ITIq,
where E(Rl,d)7Z) = El(Rl, q),Z) + El(Rl,(I),Z) + E3lp(RJ_,¢7Z) is the total

electric field of excitation lasers, and where H, and H ¢ are the coupling to the
electric dipole and quadrupole moment, respectively [79]. The first two excitations
proceed via dipole transition employing the first two Gaussian laser beams, while
the Rydberg excitation takes place through the quadrupole transition using the
polarized LG beam.

To study the dynamics of the population of the different levels of the atom, we
need to know c¢; (t) by solving the Schrodinger equation:

m% Wy (r,t)) =H 'y (r,t)), (10)

where

H' =UHU '+ —ihU 2 U1, (11)

0
ot

In matrix notation, the Schrodinger equation after rotating wave approximation
can be given by
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are the first and second dipole and the last quadrupole Rydberg excitation Rabi
frequencies, respectively, where r;_;_; = (i — 1|y} (r)ry;(r)]i) stand for the atomic
dipole momentums between states i—1 and i, with respective eigenfunctions y; ;(r)
and y;(r); A =w; — % + A;p is the detuning of state 7 affected by residual
Doppler shifts:

App = 0,.v; (15)

due to the random very small displacements and vibrations of the atom (see
Egs. (3) and (4)), even though the atom is cooled and trapped at the center of the
LG beam, and A = Z?:lAi = E3 — Eg — ), w; stands for the total detuning to the
Rydberg state.

According to Eq. (14), the quadrupole Rabi frequency of the Rydberg excitation
step in addition to the polarization depends on the orbital angular momentum of the
LG beam. The phase factor ¢’ changes the parity symmetry and transfers one unit
of optical orbital angular momentum to the internal motion of atom. The quadratic
radial, 7, r,_3, in Eq. (14) is the consequence of the transversal variation of the LG-
beam intensity.

2.3.1 Doppler and recoil shift compensation

The axial Doppler shift of the first, second, and Rydberg states by inserting
Egs. (3) and (4) in Eq. (14) can be, respectively, given as

Aip = —kqv1cos O + kv, sin Oy,
A2D = —kzvz CcoSs 92 — kz‘l)z sin 02, (16)
Asp = k3vz + Arg.

It is noticeable that Asp contains the azimuthal Doppler shift [80], A g = %‘i, in
addition to the axial Doppler shift, where v4, is the azimuthal velocity of the atom.
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Doppler broadening due to atomic motion leads to imperfect Rydberg excitation
which limits the fidelity of the entanglement that is created using Rydberg interac-
tions. By adjusting ,, it is possible to get rid of the recoil and axial Doppler shift.
According to Figure 2(a), the excitation is recoil-free when

kl sin 91 = kz sin 92. (17)

By substituting Egs. (5) and (6) into Eq. (16), it is found that this flexible
geometry of the excitation system results in the axial Doppler-free excitation con-
dition in which the total detuning A is independent from the atomic vibrations but
not rotations.

2.3.2 Adiabatic approximation and effective two-level transition

With the presence of decoherency, the evolution of the atomic states in
memoryless environment will be expressed as density matrix formalism [81].
However, storing quantum information for long periods needs a decoherence-free
quantum memory. In order to have coherent excitation, the spontaneous photon
scattering should be limited by far detuning of laser excitation frequency from the
respective excited state. In the limit of very large intermediate detuning such that,
|A;| > €; and |A;| > |A|, the population of intermediate states is very low, and the
system can behave as a two-level system with an effective coupling between ground
and Rydberg states [77]. Supposing that the atom is initially in the ground state |0>,
the time dependence of the Rydberg state population by the GGLG-beam excitation
scheme can be obtained from Eq. (12) as

Q2
les]? = Wﬁ%‘z sin2 (, Q5 + Aqut), (18)

where
R(RY) | AR
A =A+23 1 A
o (R1) + 47, + 4A, + AL, (19)
and
Q1(R1)Q(R1)Q3(RL)
Q.x(R)) = 20
o (R.) 4A.A; (20)

are the effective detuning and resonant Rabi frequency characterizing effective
quadrupole coupling between ground and Rydberg states due to the dipole-
dipole-quadrupole transition under the adiabatic approximation.

The transverse profile of three-photon GGLG effective quadrupole Rabi
frequency has a narrow central peak compared to the one-photon quadrupole LG Rabi
frequency without any sidelope. Then, according to Eq. (18), the nonzero excitation
probability is limited to the position of a single atom which is localized at the center of
the trap leading to enhancement of the high-accuracy single-atom excitation.

2.3.3 Transition selection rules
To coherently excite a single atom to a Rydberg state for quantum information

processing, it is crucial to determine the strength of the radial and angular momen-
tum couplings between the ground and Rydberg states. Moreover, the quantum
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qudit encoding is based on the spin and orbital angular momentum exchange in the
interaction of atom with excitation laser beams, which is expressed in angular
momentum coupling term. The internal atomic wave function in spherical polar
coordinate is written as

Yaim (1‘) = Unl (V) Yin (95 (/’): (21)

where u,,(r) is the radial part of the electron wave function, which for a Rydberg
state can be approximated using quantum defect theory [82], and n, /, and m are
quantum numbers, which characterize the atom states. Substituting Eq. (21) into
Egs. (13) and (14) and considering the polarization orientation with respect to the
quantization axis, the Rabi frequency of each transition can be given by

1 2rm
8zl \? . -
Q(0) = <3h2—£:)c) eRy10—nily (7)20510(91,¢1)stm 9d9d(pYZ)‘°*Y1YZ“
(22)
= ( 806) eRnol()"ﬂlll( )ﬂldp
8x 2rw
= <3h2 ) €Rnllﬁnzlz(1’)z(,526(92,¢2)JJSiH9d9d(PYZ”*YTYZlZ
00 (23)
2D,
= (hzg ) Rl —maly (T ﬁde
2rw
8xl / 32¢eR,,1,— .
_ (37:21 3 > e nzlz n313( )2053”(637¢3)JJSIH 9d9d<pY;;‘2*Y‘1’Y%Y23
£o¢ 00
1
_( 16]3 ZEanlﬁnﬂg 5
B ﬂ'flzé‘o(l 3ap
(24)

where Ry;_1, li_1 — n;, l; represent the overlap integral between the radial wave
functions of the electron and the dipole-quadrupole moment and 8 ,,. . ;. are the
angular coupling expressed in terms of Clebsch-Gordan coefficients [77].
Bi._m;_—1.m, contributes in precise quadrupole Rydberg excitation with elemental
parameters 6; and @;. Different combinations of 6; and &; provide all possible
transitions accessible, which is applicable in precision measurements [83]. In case of
03 = 0 as shown in Figure 2(a), for left and right circularly polarized LG beam with
p = 0 and Z = 1, the angular momentum transferred to the internal motion of the
Rydberg atom via quadrupole transition is |[Am| = 2 and 0, respectively. Therefore,
there is a possibility for the Rydberg atom to gain two units of angular momentum
due to the quadrupole LG excitation: one from the polarization and the other from
optical orbital angular momentum of LG beam. Additionally, the radial overlap
integral of the quadrupole transition R,,;, .1, (7) is considerable for high-lying
Rydberg state with respect to wos, which increases the quadrupole Rabi frequency.
Moreover, the wo;-dependence of the Rydberg excitation Rabi frequency reflects
the fact that the electric quadrupole transitions for an LG beam scales with w;
(compared to the plane wave, which scales with wave number k). Therefore, a
relevant focusing with respect to the diffraction limit in addition to sufficient LG-
beam power enhances the probability of the effective quadrupole excitation.

1
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2.3.4 Localized Rydberg excitation in dipole-quadrupole potential landscape

Considering red- and blue-far-off resonance detuned first, second, and Rydberg
excitation laser beams, respectively, due to the position-dependent AC-Stark shift
of ground and Rydberg states as derived in Eq. (19), a position-dependent dipole-
quadrupole potential landscape is found:

Urorpgr(R1) = UrLgs + Uct, (25)
where
d 2
Ujrcs = Uz (EfLG3(Rl)) s (26)
and
Uir = _U01f2G1(RJ_)) (27)

are the optical quadrupole and dipole potentials, respectively. In these expres-

sions Ugz = %HA%(O)‘Z and Uy =12 240 e quadrupole and dipole potential depth.
3(R,V)] 4[A1(R,V)|

The first and the last excitation parameters are contributing in the self-trapping
potential landscape called far-off resonance optical dipole-quadrupole trap
(FORDQT), while the second deriving laser with high intensity increases the exci-
tation probability. Turning the trap off also results in mechanical heating and
decoherence due to entanglement between the qubit state and the center of mass
motion. The far detuning from all atomic resonances substantially reduces the
photon scattering rate, and the atom is localized in an almost conservative potential.
It can be seen that the magnitude and direction of the force exerted on the atom
depend on both the magnitude and sign of the intensity gradient and the detuning
which pushes the atom back toward the dark center of the trap. The flexible
geometry of the excitation configuration results in the axial Doppler- and recoil-free
excitation at the center of the trap. The localized Rydberg excitation in FORDQT
potential can pave the way to establish a new record for the length of the time that
quantum information can be stored in and retrieved from a localized trapped
Rydberg atom.

2.3.5 Optimigation of the system by tuning the excitation parameters

The probability of coherent writing and reading a quantum state into and out of
Rydberg atom as a long-lived memory depends on coherence time and strength of
coupling between ground and Rydberg state. Substituting the Rabi frequencies
defined in Egs. (22)-(24) into Eqgs. (19), (20) and (25), Acff, Qer, and Uporpqr can
be interpreted in terms of key parameters of excitation: the orientation of the
excitation beams with respect to the quantum axis (6;), the intensity of laser exci-
tation beams (I;), the detuning from intermediate states (A;), the laser polarization
azimuthal angle (¢;), and the orbital angular momentum and the beam waist of the
Rydberg excitation LG beam. By adjusting 6; the geometry of excitation can be
constructed for a Doppler- and recoil-free excitation. The clever choice of ¢; results
in the excitation to a desirable state. While A; fulfills the far-off resonance condi-
tion, the intensity I; can be adjusted to boost the effective quadrupole excitation
with less effect of AC-Stark shift. Finally, the proper choice of excitation laser beam
waists can result in a great reduction of trapping size. In the GGLG excitation

2
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Figure 3.

(a) The far-off resonance optical dipole-quadrupole trapping potential normalized to the quadrupole potential
versus transversal position of center of mass of the Rydberg atom, for the case Q, = 3, [A,[ = [A;], and

W1 = Wo, = 0.2 Wy5 (blue line) [77].

process, the Rydberg atom confines in the FORDQT potential, which is sensitive to
the Rydberg atom position with respect to the transversal variations of the intensity
of the excitation lasers which keeps the Rydberg atom at the minimum noise
position of the trapping center and thus controls localized qudit state in longer
coherent time reasonable for quantum information processing. Comparing to the
Rydberg dipole excitation via LG beam, the Rydberg GGLG excitation system
localizes the atom in a much smaller region. According to Figure 3, if the LG beam
is focused into some micron waist, then in this self-trapping excitation system, the
atom can be excited to a Rydberg state while tightly confined and controlled to sub-
micron dimensions. Consequently, in a high-dimensional quantum information
experiments via Rydberg excitation, care should be taken to relative control over all
these parameters.

3. Summary

In this chapter, the Doppler- and recoil-free three-photon GGLG excitation
promises to extend a single localized atom to a highly excited Rydberg state, which
has application in the control and transformation of high-dimensional quantum
states [16]. The adiabatic approximation results in an effective quadrupole Rabi
frequency with a rich geometrical dependency. The quadrupole interaction in the
last step of the LG excitation transfers a unit of orbital angular momentum to the
Rydberg state in addition to the spin angular momentum. The GGLG excitation
system allows to greatly reducing the rate of photon scattering and suppresses the
loss rate due to collision, while the trapping potential of FORODQT localizes the
Rydberg excitation and increases excitation coherency and allows for high detection
efficiency and long detection time. A wide range of properties characterizing the
excitation configuration can be controlled in real time through changes in geome-
try, polarization and orbital angular momentum, focal spot size, intensity, and
frequency of the laser excitation beams to provide the ability to encode qudit in the
internal degree of freedom of Rydberg atom independently to the center-of-mass
motion. This aspect is vital to store and manipulate the quantum state of qudits in
high-dimensional quantum information processing.
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Chapter 4

Single-Atom Field-Effect
Transistor

Er'el Granot

Abstract

A simple single-atom transistor configuration is suggested. The transistor con-
sists of only a nanowire, a single-point impurity (the atom), and an external capac-
itor. The transistor gate is controlled by applying a transverse voltage on the
capacitor. The configuration does not rely on tunneling current and, therefore, is
less sensitive to manufacturing processes since it requires less accuracy and fewer
production processes. Moreover, unlike resonant-tunneling devices, the proposed
transistor configuration does not suffer from a compromise between high speed and
high extinction ratio. In fact, it is shown that this transistor can be extremely fast,
without affecting the signal’s extinction ratio, which can be as high as 100%.

Keywords: quantum dots, quantum point defect, point impurity, quantum
transistor, single-atom transistor, field-effect transistor

1. Introduction

Despite the fact that the field-effect transistor (FET) was patented long before the
formal invention of the transistor by Lilenfeld (in 1926) and Heil (in 1934), it was
produced only two decades later when its patent expired. Nevertheless, its benefits
were soon realized, and it became the building block of every integrated chip.

In 1975, Gordon Moore made a bold statement, which he updated a decade later,
that the number of transistors on an integrated chip doubles every couple of years
[1, 2]. This Moore’s law is surprisingly still valid. In fact, it seems that this is the only
parameter, which keeps growing exponentially for five consecutive decades. A
simple extrapolation of this trend reveals that within a decade, the size of the
average transistor should be no larger than the dimensions of a single atom.

The idea to manufacture few atom-based electronic devices was first
suggested by Richard Feynman, but it has become a reality only after the scanning
tunneling microscope (STM) was invented, and manipulations of single atoms
became feasible [3].

Recently there have been several attempts to fabricate nano-devices, which are
based on several atoms and even on a single atom [4-9]. These devices can operate
as single-atom transistors [10-13]. The main problem with these devices is that
while the device’s core is based on a single atom, the connectors are considerably
larger, and consequently, it is extremely complicated to model the device since the
models are spread over several length scales.

In order to simplify the model, the atom and the leads should both be presented
in the simplest form possible.
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That was the main motivation to create a model, in which the entire transistor is
within the leads [14]. This configuration is in high agreement with the experiment
of a single-atom transistor [10] and, at the same time, can be simulated by a
relatively simple model. The solutions of this model can be expressed, with great
accuracy, by analytical expressions.

However, since this configuration is based on quantum tunneling, the single
atom is not directly connected to the conducting leads (for resonant tunneling via a
point defect without the insulators, see [15, 16]). Such a device is very difficult to
manufacture, since the atom has to be encapsulated by the surrounding (other)
atoms; it has to be located with great accuracy, and due to the resonant nature of the
device, the atom must be located exactly at the center of the device; otherwise, the
device’s efficiency exponentially decreases.

However, resonant tunneling is not essential to achieve fine control. For
example, it has been shown that a single-point defect in a nanowire can be a perfect
reflector for certain energies. Moreover, the point defect can cause a universal
conduction reduction. At certain Fermi energies, the conductance drops at exactly
2¢% /h [17].

Since the energy level of the point defect’s bound state can be modified, then a
simple nanowire with a single defect (a single atom) can be used as a nanotransistor.
This is a much simpler device, which can be produced in fewer production stages
than resonant-tunneling devices.

However, to control the resonance energy of the point defect, an external elec-
tric field should be applied. The field affects the entire device and does not selec-
tively influence only the defect. Therefore, there is a need for a complete model,
which integrates the nanowire, the point defect, and the electric field.

The object of this chapter is to present such a model of a nanotransistor, which is
governed not by resonant-tunneling process but by Fano anti-resonance [18],
which is generated by the interaction between the point defect and the nanowire. In
this transistor configuration, the FET’s gate is controlled by an external electric
field.

2. The model

The system is presented in Figure 1. The system consists of an infinite nanowire
(in the longitudinal x-direction), whose width (in the transverse y-direction) is w, a
point defect, whose distance from the boundary of the nanowire is we, and an
external capacitor, whose voltage and charge can be controlled by a power source.

insulator
capacitor
Y zzzzzzzzzzizz

eleciric field point defect (the atom) vV
L -

iz
*
Figure 1.

Model schematic. The capacitor creates the transverse electric field, and the point defect simulates the single
atom.
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Mathematically, the model can be described by the 2D stationary Schrédinger
equation

Fy &
g‘gwy‘;% (E—U(y) + Fy)y = —D(r — ro)w ™

in which normalized units (where Planck constant is # = 1 and the electron’s
mass is m = 1/2) were used. In this equation

0 O<y<w
U(y)={ (2)

) else

is the boundaries’ potential, which confines the dynamics to the wire’s geometry.
F is the electric field.

The point defect, which models the single atom, is presented by the asymmetric
impurity D function (IDF) [19-21]

D(l‘) = lim 2\/7_760’) exp (_x2/p2)

p—0 pln(po/p) )

which is located at ro = je, and pj, is related to the impurity’s bound eigenenergy
by
_16exp(—7) 8.98

By = _
) o}

14

(4)

where y =2 0.577 is Euler constant [22]. On the other hand, the relation between
po and the physical properties of a real physical impurity (which has a finite radius 4
and a finite local potential V) is

2

The homogeneous eigenstates solutions of the wire, i.e., solutions without the
point defect, are

W, 5(x,y) = exp (ikyx)y, () (6)

where y,(y) are the eigenstates of the one-dimensional differential equation

%, »)
@}2

with the corresponding eigenvalues

+(E =Up) +B)r,() = 0 @)

k: =E — E,. (8)

These eigenstates can be written using the Airy functions Ai and Bi [22] and the
normalized parameter

E =3P + (E—2)/F = Py + (E k) F}
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as

1 (&) = N{Ai(§)Bi(&o) — Ai(&o)Bi(8)} )

where N is the normalization constant, &, = F*/3{E, /F}, where the eigenvalues
E, are determined by the infinite solutions of the transcendental equation.

¥n(E,) = 0, when &, = FY*{w + E, /F}.

In the case of a weak electric field, the eigenstates can be written to a first order
in the electric field as a superposition of the free (zero electric field) eigenstates

buly) = 2sin (mry) (10)

namely,
(-1)"1 -1 mq 8
Xn () = ) + Fw® L, () = (11)
g 2 (mtq’m-q’"
with the corresponding eigenenergies (again to the first order in F)
E, = (nn/w)* + %Fw (12)

Clearly, in the absence of the point defect (the atom), there is no coupling
between the transverse direction and the longitudinal one, i.e., the capacitor cannot
affect the longitudinal conductance.

There is an exception, of course, if the capacitor occupies a finite region in
space, in which case the electric field does create a coupling between the modes.
But in the regime of a weak electric field, this coupling a,,, is also very weak

(-n" -1 mq 8
2 (m+qPm—q)]nt

g = Fw? (13)

Even to adjacent modes (where most of the energy is transferred), the coupling
is very weak

m(m +1) 8
mm1 = FFw? ————— 14
it = o £ 1) 7 (14)

For example, the coupling between the first and the second modes is as small as
41,2 2 0.0061Fw>.

However, the presence of the point defect breaks the Cartesian symmetry and
increases the coupling between the modes.

The general solution, which takes the point defect into account, is

_ G+ (l‘, ro)\pim (l‘o) / /
R P ciitopas . e | L LR OB

where y;,.(r) is the incoming wavefunction, which can be chosen as one of the
eigenmodes y,(y), which in the case of a weak electric field can be approximated by
Eq. (11) (or Eq. (10), i.e., by ¢,,(»)); G (r,10) is the outgoing 2D Green function,
i.e., G (r,r¢) is the solution of the partial differential equation

~V2G*(r,10) + [U®y) — E — Fy]G"(x,10) = —8(r — 10) (16)
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which can be written in terms of the 1D eigenstates y,, (y) as

G(r,r) = nzlgj(\;)_ exp ( VE —E,lx —x ) (17)

The scattered solution is therefore

W) = exp (ikyx)2,00) — 3 An i) exp k) (18)

with the coefficients

AGYA0)
Apm = lim 2k . (19)
Bl Z LK) exp (- |E — Eylp2/4)

The transmitted solution (x > 0) is thus

oo

lp(l‘) = Z €xp (lkmx)Xm(y){ n,m n,m} (20)

m=1

Eq. (18) is a generic solution; however, there are two types of energies, for
which the solution reveals a universal pattern.

3. Universal transition patterns

When the particle’s energy is equal exactly to one of transverse eigenenergies,
i.e., when E — Eq then the wavefunction reduces to a simple but universal
expression

v = 3 exp (z’kmxnm(y){sn,m _stXn<€>)} = exp (iv/Eq — Bn)1,0) — 2g () 2.

m=1

A similar universality was shown for zero-field wire [23] (for other patterns, see
[24])

y(r) = exp (im/ Q’ - n2x> sin (%) — sin (ley ) Ssll: ((g:;//fu))’ (22)

but Eq. (21) solution is valid in the presence of an electric field as well.

This solution is universal in the sense that it is totally independent of the point
defect’s strength (potential), which is manifested by the parameter p,—a parameter
that does not appear in Eq. (21). This pattern is presented in the upper panel of
Figure 2.

Clearly, when the defect is close to the surface, i.e., ¢/w < <1, then the solution is
even independent of ¢

y(r) 2 exp (im/ Q? - nzx) sin <%> — sin (%?) % (23)
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Figure 2.
A false color presentation of the conductance pattern. The spatial distribution in the wire of the probability

density |y (v)|* is plotted at the transition energy E = Ey = (21/w)* + Fw /2 (upper panel) and at the zero-
current energy E = ES* (lower panel). The crosses represent the point defect’s location.

At this operation point, the transistor experiences maximum transmission with
maximum current, which is universal and is independent of the point defect
parameters. The defect deforms the conducting pattern, but it does not transfer any
current to the mth mode. Consequently, the current remains in the initial #th mode,
as if the defect is absent.

4, Universal conductance reduction

Another important case, which is going to be relevant to the transistor operation,
occurs below the next energy transition where there is a dip in the transmission
coefficient, and the conductance decreases by exactly 2¢% /.

Let the incoming particle energy be within the energy range Eq_; < E < Eqg; for
which case it is convenient to split the denominator of the coefficient, i.e., to rewrite
Eq. (19) as

Xu(8) 2 (€)
Anm = limy G
,m ~01 Q-1%ExE)  xolexg(e 0 X (€)x3 ()
om0 R + X 'q E E T/EQ%E ~ Zgton X /qu—E exp (~|E — Ey|p?/4)
(24)
or
X ()X (£)
_ iE— E,,,
Anm = ﬂO/R ZQ 12,5 1€y ()’ (25)
iy/E— Eq VEq—E
where
© e)yi(e
InR(e) =lim |Inp+7 Y ASUNG) exp (—|E — E4|p*/4)|. (26)
p—0 g=Q+1 Eq —E
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The device’s conductance can be evaluated as ([25, 26])

1
G=- Z Tml: (27)
”m,l<n
where
Jem 1—A,.[> n=m

Tn,m = |6n,m _An,m| (28)

kn B |An,m|2]]i—m n#+m

are the transmission coefficients (from the nth to the mth modes) of the wire
with the impurity.
At the transition points, i.e., when E = Eq (kg = 0), the conductance is exactly
1
G= . (Q-1), (29)
whichis G = 2é (Q — 1) in ordinary physical units.
On the other hand, at the minimum transmission point (E = Ernln <Eq), when
the real part of the denominator of Eq. (25) vanishes, i.e., when

In(po/R(e)) Ao (x5 (€)

- = =, (30)
\JEq — E3™
then
Xon ()20 (€)
A = WEE, 1 1 1
n,m — (6 - 8) ) (3 )
yQ 1LlGE ZQ 1% Xq ZQ 1Xq
7=1 i, [E-E, xn(f VE- X (e xn(f
Using the definition
Q-ly (e)yi(e) Qly, (e)xi(e
oS Xq(€)2g(€) _ 5 Xq ()% (€) (32)
= VE—E i kg
the conductance G =13, ..o [8n,m — An, m| 2 is equal exactly to
1 0 ()1 (&) [ om 1 1 @xu(8) | i @tu@ [ m Q=2
G= nn’,;(Q Bnm = ko &, nn’,;(Q Bnm =2 kG + ko k, =«
(33)

whichis G = 22—2 (Q — 2) in ordinary physical units.
Therefore, there is exactly a one unit of conductance reduction between the
transition energy Eq and the minimum point just below it E5™

AG = G(Eq) - G(Eg™) =% (34)

which is 2¢?/h in ordinary physical units.
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Figure 3.
The nanowire’s conductance as a function of the particles’ Fermi energy. The lower panel is a magnification of
the transition zone. The dashed perpendicular line stands for the transition energy formula (Eq. (12)) E = E,

and the dotted line corresponds to the zero-current energy formula (Eq. (30)) E = EQin,

This result is a generalization of [17]. The probability density at the point of
minimum conductance is presented in the lower panel of Figure 2, and the depen-
dence of the conductance on the particles’ Fermi energy is presented in Figure 3.
The minima are clearly seen.

Moreover, the approximate analytical expressions of the transition energy Eq.
(12) and the minimum energy Eq.(30) are presented by horizontal lines.

5. Zero transmission point
The current can vanish only when the Fermi energy is within the energy range

7% /w?* < Ef < 4% /w?, in which case only the first mode is propagating. The trans-
mission of the first mode is
-1
} ; (35)

~ 2| (e)[*
BB T RGE) G0

and in the case of weak fields, it can be written

In (po/R(e)  |ra(e)?
n VE, - E

ivE, — E
t1’1:1—{1+ 2 21
%1 (e)]

in which case the zero-current energy is approximately

-1
P in\/3 In(py/R(e)) 2sin?(2ze/w) 37
1 +23in2(7t€/W) T W\/(zﬂ'/w)z +3Fw —E il
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Figure 4.
The dotted curve stands for Fw® = 0; the solid curve stands for Fw® = 5; and the dashed curve stands for
Fuw?* = 10.
with the zero-current (zero transmission) energy of
2r\? 1 47% sin*(2ne /w
Ep >~ (— —Fw—%ﬂ. (38)
2™ T W2 R(e))
In the case of a surface defect, i.e., when the atom is close to the wire’s boundary
(see Appendix A),
R(e) =~ 4eexp (y/2), (39)

and then the zero-current energy is approximately

_(2r\* 1 e 2n/w)®
Fr = (E> T2 T Wi exp (1/2)/4e) (40)

Therefore, the zero-current energy has a linear dependence on the electric field
(and thus on the applied external voltage). In Figure 4 this property is presented by
plotting the conductance for three different transverse electric fields.

6. The transistor working point

In Figure 5, the conductance as a function of the normalized applied electric
field is plotted. The transistor can work as a digital device, where the field varies

between the binary cases:

0 F=F
T1’1:{1 ;Z: F—(;2 (“41)
where
1 _ 27\ 4n?sin*(2ze/w) N 2r\? e*2n/w)®
g =Fr = <5> T Wi /RE) T (E> InZ(pg exp (—7/2)/4e)
(42)
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Figure 5.
Plot of the conductance as a function of the applied electric field for the particles’ energy E = 4(x/w)>.

But the transistor can also work in an analog mode as an amplifier, in which case
the applied voltage should be modulated with respect to the bias voltage F.,w, which
is the center of the linear regime, i.e.,

ae)l® 8
Faw/2 =Ep — Qn/w)* + 8 |1+2 — . (43)
a(e)* VE: = Bn
Using this bias voltage, the transmission coefficient can be written
-1
. 5
t11=1—q¢14ic|1—- (44)

82/(1—c 1)’ + (F—F,)w/2

where

¢ = VEE ﬁﬁ;} ~ 47,/3/5, and & = z|x,(¢)[*/In (po/R(¢)) = 4n(2ne)*/

[w*In (po exp (—7/2)/4e)].
Therefore, the transistor gain at the working point is the ratio between the
change in conductance and the applied transverse voltage Av = (F — F,.)w, which is

. AG c(1- 6’1)3
gﬁllﬂ = T‘U = W (45)

when the point defect is a surface one, i.e., e< <1, then < <1and ¢>>1

VB VA In(pg exp (—1/2)/4¢)
gain = -5 = ( 4”")3 e , (46)

which can be extremely large.

7. Fast switching

When the dip of the resonances is very narrow, the gain is very high; however,
in this case, the transistor response is very slow, because it takes a substantial
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amount of time to establish the resonance. In fact, the gain is proportional to the
transistor’s time response 7, i.e.,

gain (47z2/w2 — E) . (47)

However, the value of both can be controlled by changing the defect’s parame-
ters. Since

. 2 2
Po = 4eexp Z+27r sin”(2ne/w)

2 w\/4n?Ju? —E|

the parameter p, can be chosen to place the resonance dip at any point in the
regime 7% /w? < E < 47* /w? and thus to determine the transistor time response

(48)

po = deexp |5+ sin* orefuo) V7| (49)

Therefore, the transistor with the quickest response is the one with a surface
defect with

po = 4eexp (y/2). (50)

In this case, the transistor time response is determined by the wire’s width, i.e.,
T~ (w/n:)z, (51)

which in ordinary physical units is 7 ~ m(w /h)?, i.e., the narrower the wire, the
shorter the transistor’s time response is.

Eq. (50) teaches that such a single-atom nanotransistor can be faster than any of
the cutting-edge available transistors.

It should be emphasized that the point defect does not necessarily have to be an
atom. It could be a molecule or any quantum dot that can be designed of having the
necessary de-Broglie wavelength p,.

8. Summary and conclusions

An innovative single-atom transistor configuration is suggested, which can be
simplified and simulated by a simple model. The model consists of a narrow
conducting wire, a single-point defect, and an electric field. This device’s configu-
ration does not require fine atomic-size gate contact and atomic-size accuracy for
positioning the single atom. The device’s mechanism is not based on resonant
tunneling, and therefore, high accuracy is less essential. The gate is a capacitor that
can be considerably larger than the point defect. Moreover, it was shown that this
device can be extremely fast with a time response much shorter than any cutting-
edge transistor.

The temporal analysis reveals a clear advantage of this configuration over
resonant-tunneling ones (like [10, 14]). In resonant-tunneling devices, the signal’s
extinction ratio depends on the resonance state’s lifetime. That is, there is no “zero-
current” in resonant-tunneling devices. The minimum current (“zero”) is actually a
tunneling current, which is inversely proportional to the resonance state’s lifetime.
Therefore, in resonant-tunneling devices, “fast device” and “low minimum
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current” are competing demands. When seeking the former, one has to compromise
on the latter, and vice versa.

No such compromise is required in the proposed transistor configuration since it
has been shown that this configuration always keeps (at least theoretically) extinc-
tion ratio of 100%.

A. Appendix A: derivation of Eq. (39)

The expression (26), i.e.,
2
o [x(®)

R(e) = exp /1)111(1) Inp+7 )

R o o 2
£ e (-l 5 )

as a function of the defect’s location ¢ is plotted for several energy values in the
energy range 7°/w? < E < 4z /w? in Figure A1.

As can be seen from this figure, while there are considerably large variations
around ¢ =2 0.2, the differences in the value of R(¢) for ¢ = 0.5, i.e., when the defect
is located at the center of the wire, are relatively mild, and in which case R(¢) = 0.3.
Moreover, in the case of a surface defect, i.e., € < <1, R(¢) is independent of the
particles’ energy.

Using the definition & = 7qp/w and the weak field approximation

S sin?(¢e/p)

2
InR(e) =lim | Inp + —mwexp (7*p*/w?) Y p exp (—&%/4)
" v 15 \JE — (4ap)” w2
(A1)
which can be written as an integral
15 ; 7
')
| — E(nlw)
r" — En(xiwf
; E=3{xiw)f
' — E=d{=iw)
’ i - = Approx. 1|

R(e)

0 0.1 02 03 04 05 06 07 08 09

efw
Figure A1.

Plots of R(e) as a function of the point defect’s position in the wive € for various energies. The dashed line is the
small e/w < <1 approximation (Eq. (39)).

62



Single-Atom Field-Effect Transistor
DOI: http://dx.doi.org/10.5772/intechopen.81526

&) . 5
InR(e) = lim | Inp +2 J sin“(ée/p)
p—

exp (—&*/4)dé|. (A2)
A \ & — (4mp)’ fw?

And due to the limit,

[eo]

J sinzéée/p)

R(e) = exp 11)111(1) |:lnp+2
0

exp (§2/4)d§] . (A3)

Now, since for p/w < <1

T exp (—&*/4)

In(p/w)= In2—y/2 - J : dé, (A4)
plw
then
R(e) = exp lim {m w—y)2— T cxp (?2/ ) ge ¢ 2T Sinzfg/ ?) exp (§2/4)d§} -
w " plw - (85)
exp ;15(1) [ln 2w —y/2— J w exp (—&%/4)dé+2 J @ exp (—§2/4)d§]
plw 0

Moreover, since, p/e — 0 but also ¢/w — 0, then in both integrals, the expo-
nents can be ignored, i.e.,

w

e p/ .
R(e) = exp lim | In2w — /2 - J m%&/”)dﬂz J szf‘g/”)dg (A6)

plw
which finally yields the analytical expression

R(e) = exp [In2w — y/2 + Ci(2e/w) + €* /w®]| = 4eexp (g), (A7)

where Ci(x) is the cosine integral function [22].
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