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Mathematical modeling of
semiconductor lasers

This chapter describes a coupled electrical and optical model for the con-
version of electrial energy into coherent optical energy by solid state device.
Such devices are used as exposure sources in photography and medicine,
and in optical transmission lines for telephones. John Spence from East-
man Kodak has presented, on April 6, 1990, a solid state laser model, and
discussed numerical results which he and Keith Kahen (from Eastman Ko-
dak) have been developing. He concluded by presenting some mathematical
problems.

The electrical model can be described by an elliptic equation with an
internal interface condition formed by a coupled pair of nonlinear ordi-
nary differential equations (which involve nonlocal terms). These differen-
tial equations are also coupled to the optical model, which involves solving
the Maxwell equations as a superposition of eigenfunctions representing
laser emission modes.

In Section 13.1 we describe the electrical part of the model and in Sec-
tion 13.2 we include the optical part of the model. The material is based
on an article by Wilt and Yariv [1]; see also Shimizu and Hara [2] and the
references in both papers.
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 Asymmetric Dual Quantum Well Laser (with lkeda)

* Optical Nonlinearity of Nanostructures (with Fujii, Nakamura,
Sawada, Bergquist)

* Novel Electron Interferometers (with Okuda, Yamanishi)

* Quantum Nondemolition Detector
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Fundamental Limits of Quantum Interference Devices (with Sakaki, Noge)
Photon-energy dissipation caused by an external electric (with Yamanishi)
Optical Nonlinearity of Nanostructures (with Ogawa, Cingolani)

Kondo effect in a quantum dot (with Inoshita, Kuramoto)
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=+ 5% Hubbard model with random site energies | Dt & #1(1983)
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= FAITEERICH TS, first-kind measurement
(TKYESL) BITERIZETC. YEEDEESTNEHLLLEVLESILAIE
BHEFARADZ REDHTHEANDSEZETIATELEEE Z TS
ZD%EMH  (Landau and Peierls, 1931):

AESNOMER QL. AT REAEZFDHEEIEA H DY,
[QIHI] =0

= FIEREE (QND) AT (Braginsky et al, Caves et al. 1980)
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2012 Nobel Prize in Physics 2012 : S. Haroche and D. J. Wineland

Haroche and Wineland have opened the door to a new era of experimentation with
guantum physics by demonstrating the direct observation of individual quantum
systems without destroying them.

"Serge Haroche and David J. Wineland have independently invented and developed
methods for measuring and manipulating individual particles while preserving their
guantum-mechanical nature, in ways that were previously thought unattainable."

There are several interesting similarities between the two. In both cases, the
guantum states are observed through quantum non-demolition measurements
where two-level systems are coupled to a quantized harmonic oscillator --- a
problem described by the so-called Jaynes-Cummings Hamiltonian.

In 1990, Haroche and coworkers suggested a method to measure the number of

photons in the cavity in a quantum non-demolition measurement (Brune et al.,
1990).
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Mamiko Tatsuta

Called "Mamineko" in Shimizu Lab.

In her thesis, “Maximally Mixed Neko (cat) state"
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Universal Property of Quantum Measurements of Equilibrium Fluctuations

and Violation of Fluctuation-Dissipation Theorem
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To appear in JPS Hot Topics https:

Violation of Fluctuation-Dissipation Theorem Results in Robustness of Fluctuation Against Localization

r A 4 " . B
Measurement of Hall conductivity and current fluctuation

The fluctuation-dissipation theorem (FDT),
which relates equilibrium fluctuations with Magnetic field
the conductivity, is well established for
classical systems Independent measurements of

R

- Off-diagonal current fluctuation, Sxy

+ Hall conductivity, Ty

2D electron system in a high magnetic field
at low temperature

T T

| s /\' * Both extended and localized states contribute
‘Z == Sl to S,— fluctuations are insensitive to
B’;y system impurities

xy

Density of state |

* Only extended states influence o,.— highly

"o o e ? | (Costenieme 0/ 8 sensitive to system impurities

9 e
&« A
* S, grows linearly with the Landau level filling

However, FDT is violated in macroscopic " factor — can be used to estimate carrier
quantum systems due to unavoidable i density
disturbances from the measurement Fllnges iy

A J

Conductivity and current fluctuation
become independent, and show The off-diagonal current fluctuation is insensitive to imperfections
different physics of the system in contrast to the Hall conductivity

Robustness of Equilibrium Off-Diagonal Current Fluctuation against Localization of Electron States in Macroscopic Two-Dimensional Systems TIPS  Journal of the
Kubo et af. (2022) | Journal of the Physical Society of Japan | DOI: 10.7566/JPS.J.91.024004 8 Physical Society Of];lp:lll
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Asymmetric Dual Quantum Well Laser (with Ikeda)
* Optical Nonlinearity of Nanostructures (with Fujii, Ogawa, Cingolani)
* Novel Electron Interferometers (with Okuda)
* Fundamental Limits of Quantum Interference Devices (with Sakaki, Noge)
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* Dynamical Casimir effect (with Okushima)
* Quantum noise of LEDs (with Fujisaki)
» Superconductivity of photo-excited semiconductors (with Shigemori)
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Example: electrical conductor

E[ battery
F— j

R I ] — = = o = — ')f(t)

air (heat reservoir)

When A = I (electric current averaged over the x direction),
AI(E) = (I — (Dp
ot
= / Op(t — 1) f()dt" : longitudinal conductivity of the NESS
to

The sum rule says

00 D a7

— . dw e“N, , -
/ Re=p(w)— - independent of F'!
J—0

T Tt

(Ne : number of electrons, m : electron mass)

B L5 H ? (with Yuge, Hasegawa, Lee, Itoh)
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Verification by MD simulation of an electrical conductor

>~ d >~ _dlhw €N, .
/ Re Ey(w)—w = 2] wRe Zp(w) . © < indep’t of F
o =00 — 00 L

T s m
0.25
02 mm% é -
e R i
Y m %
S 015 F A -
Sp ®
(r] %
L = ]
2 0.1 . o
C o A& %
0.05 - e -
e
o &
0 EIIIIII,I] | IIIIIII| 1 IIIIIIII 1 111
0.001 0.01 0.1 1 10

w
F =0 (circles), and 0.1 (triangles)
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von Neumann, Ogata:
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