
Research Achievements 
 

Early work (1972-1984) 

 

Yoshihisa Yamamoto’s early work includes the fabrication and characterization of a liquid-core 

single-mode fiber, a single-mode metal-clad dielectric waveguide on Si substrate and a tapered 

directional coupler for single-mode fiber splicing (thesis work at the University of Tokyo, Japan, 

from 1972 to 1978). Those experimental studies demonstrated the fundamental principles of tight 

optical field confinement by surface plasmons [1] and loss-less adiabatic evolution of photonic 

wavefunctions [2]. After joining the NTT Basic Research Laboratories (Tokyo, Japan), he has 

proposed for the first time the two optical fiber communication systems: coherent optical 

communication [3] and optical amplifier on-line repeaters [4], which constitute a contemporary 

optical communication platform supporting, for example, under-sea and terrestrial internet links. 

During this period, he has also focused his research on the quantum noise of laser oscillators [5,6] 

and injection-locked oscillators [7]. 

 
Metal-clad Al2O3 thin film optical waveguide on Si 
substrate [1]. 

 

 

Optical amplifier on-line repeater system [4]. 
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Squeezed states and quantum non-demolition measurements (1985-1993) 

 

A standard method of generating a squeezed state of light is the use of phase sensitive 

amplification/deamplification in optical degenerate parametric amplifier or degenerate four-

wave mixer. Yamamoto and his colleagues proposed for the first time an alternative scheme for 

squeezed state generation using a negative-feedback oscillator, in which the intensity noise is 

reduced to below shot noise limit [8,9]. A similar technique is also capable of reducing the laser 

spectral linewidth to below the Schawlow-Townes limit [10]. For the case of a semiconductor 

laser, in particular, quantum non-demolition (QND) measurements of photon number and 

negative feedback to injection current can be naturally and inherently realized in the dynamical 

coupling between junction voltage and junction current via a high-impedance current source. 

This is the principle of a high-impedance suppression of pump fluctuation and amplitude 

squeezing of a semiconductor laser [11,12]. This theoretical prediction was experimentally 

demonstrated for the first time in 1987 [13]. Even though a degree of squeezing was less than 0.5 

dB in the initial experiment, much larger squeezing of more than 10 dB as well as the quantum 

correlation between junction voltage and intensity fluctuations were demonstrated in later 

experiments [14,15]. Subsequently, the squeezed states of light from diode lasers were applied to 

enhance the signal-to-noise ratio in FM spectroscopy of cold atoms [16-18] and optical 

interferometers [19]. 

 

A concept of quantum non-demolition (QND) measurement (or back action evading 

measurement) was coined in early 1970’s as a means of gravitational wave detection using a free 

mass antenna or mechanical harmonic oscillator. Yamamoto and his colleagues proposed a 

practical scheme for QND measurement of photon number using cross-phase modulation in a Kerr 

nonlinear medium [20]. Control of quantum states of light by QND measurements was 

subsequently studied for lasers [21] and parametric oscillators [22]. The use of soliton collision in 

an optical fiber was analyzed as a means of QND measurement of photon number [23] and 

experimentally demonstrated [24]. 

 



The research fields on squeezed states and QND measurements during this period were reviewed 

in the two articles [25,26]. 

 

10dB squeezing in semiconductor diode lasers [14]. 

 

 

 
QND measurement of photon number using 
optical fiber soliton collision [24]. 
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Semiconductor cavity QED and Bose-Einstein condensation of exciton-polaritons (1988-2016) 

 

Spontaneous emission of an atom is not an inherent property of an atom but the consequence of 

atom-vacuum field interaction. Therefore, if the spectral and spatial distributions of a vacuum 

field at a location of the atom are modified by cavity walls, the rate and radiation pattern of a 

spontaneous emission can be altered. Such a technique of modulating a spontaneous emission rate 

and radiation pattern by use of cavity walls is called cavity quantum electrodynamics (cavity QED). 

The first cavity QED experiment for a semiconductor quantum well exciton, which is a bound-

pair of electron and hole, with a semiconductor planar microcavity was reported in 1991[27]. This 

first experiment of semiconductor cavity QED was performed in a so-called weak coupling regime 

or low-Q regime. That is, the spontaneous emission is still an irreversible process with a modified 

but exponential decay due to larger cavity loss than an exciton-field interaction strength. In 1992, 



C. Weisbuch and his colleagues observed a partially reversible spontaneous emission or split 

emission spectrum of a quantum well exciton in a similar but lower-loss cavity structure. The 

elementary excitation (or quasi-particles) generated in this second experiment is called an exciton-

polariton, which is a hybridized excitation of exciton and photon. A comprehensive review on 

semiconductor cavity QED experiments in both low-Q and high-Q regimes was presented in 1993 

[28]. 

 

In 1996, we theoretically predicted that the exciton-polaritons in a semiconductor microcavity 

can be condensed into a ground state by a similar principle of Bose-Einstein condensation [29]. 

Due to the open-dissipative nature of a semiconductor microcavity, the stimulated scattering of 

high-energy excitons into the ground state exciton-polariton must exceed the radiation decay rate 

of the ground state exciton-polariton in order to sustain a macroscopic papulation in the ground 

state. A detailed theoretical analysis of such dynamical condensation processes was presented in 

1999 [30]. 

 

Observation of a macroscopic population and coherent exciton-polariton wavefunction in the 

ground state were successfully demonstrated via g(2) measurement [31]. Observation of the 

exciton-polariton condensation and the conventional photon lasing in the same microcavity 

structure was also reported [32]. In 2006, the degenerate Bose-Einstein distribution of exciton-

polaritons was finally observed [33]. The measured chemical potential of an exciton-polariton gas 

was indeed detuned from the ground state energy in less than kBT. In 2007, we also observed the 

dynamical condensation in mutually coupled exciton-polaritons confined in a square lattice 

potential [34]. We observed not only s-wave superfluid state but also p-wave superfluid state. 

Subsequently, we obtained two more evidences of the exciton-polariton condensation effect, 

which are the observation of a linear (phonon-like) dispersion spectrum of excited states, a so-

called Bogoliubov excitation spectrum [35] and the observation of a vortex-antivortex bound pair, 

i.e. the elementary excitation of a two-dimensional Berezinskii-Kosterlitz-Thouless (BKT) phase 

[36]. Two review articles on the exciton-polariton condensation were published in 2010 and 2016 

[37,38]. 

 

More recently, an exciton-polariton condensate was produced with the current injection across a 

pn junction [39]. This experiment opened a door toward a practical exciton-polariton light source. 

 

One of the promising applications for exciton-polariton condensates is the quantum simulation of 

many body systems with strong interactions. One example is the physics of BKT phase transition 

and dynamics of vortices and vortex-pairs in a two-dimensional bosonic system [40,41]. Another 



example is the physics of anyons and dynamics of braiding and topological qubit-qubit interaction 

[38]. It is not straightforward to study those many body physics in a pure light wave system nor 

pure matter wave system due to its very weak nonlinearity and limited spatial coherence, 

respectively. Exciton-polariton condensates offer relatively strong nonlinear interaction and large 

spatial coherence simultaneously, so that they are unique candidates of future quantum simulators 

for many body physics, condensed-matter physics and statistical mechanics. 

 
Vortex-antivortex bound pair in exciton-polariton  
condensates [36]. 

 

 
Bogoliubov excitation spectrum in 
exciton-polariton condensates [35]. 
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Single photon and entangled photon-pair sources for quantum communication and information 

processing (1993-2006) 

 

A standard laser produces a coherent state of light or statistical mixture of coherent states, in which 

the number of photons fluctuates from pulse to pulse according to Poisson statistics or super-

Poisson statistics. For many applications of lasers, such Poisson or super-Poisson photon number 

fluctuation does not impose serious drawbacks on system performance. However, for other and 

specifically quantum information applications such as quantum key distribution and photonic 

qubit based quantum information processing, it is preferred that a photon source produces one 

and only one photon per pulse, which is called a deterministic or heralded single photon source. 

We have proposed a concept of such deterministic or heralded single photon source for the first 

time in 1994 [42]. In this proposal, a single electron and a single hole are injected alternately into 

a central quantum well via the Coulomb blockade effect in a p-i-n tunnel junction. We named 

such a device as a single photon turnstile device, which was experimentally realized in 1999 [43]. 



Although this device generates a deterministic single photon, the device operates successfully only 

at extremely low temperatures, typically 10mK. A quantum efficiency of extracting single photons 

from this device is also very low. In order to increase an operational temperature, we switched a 

physical system from quantum wells to quantum dots [44,45]. We also incorporated a monolithic 

microcavity structure to enhance a quantum efficiency of extracting single photons [46].  

 

Single photon wavepackets produced by the spontaneous emission in quantum dots have normally 

inhomogeneous amplitude and/or phase profiles, so that they are not identical with each other. 

Those single photons are called “distinguishable single photons” and do not feature a so-called two 

photon interference effect, which is a crucial requirement for many quantum information 

applications. If a quantum dot is resonantly excited by a pump laser pulse, a turn-on delay time of 

single photon wavepackets is considerably shorter than the dephasing time of an electron-hole 

pair inside a quantum dot. If a quantum dot is embedded inside a monolithic microcavity and 

spontaneous emission lifetime is reduced by the cavity confinement effect, a turn-off decay time 

of single photon wavepackets is also considerably shorter than the dephasing time of an electron-

hole pair. When these two conditions are fulfilled, generated single photon pulses are Fourier-

transform-limited and feature a two-photon interference effect. Such indistinguishable single 

photon generation from a quantum dot in monolithic microcavity was first realized in 2002 [47]. 

Another useful photon state for quantum information applications is a deterministic entangled 

photon-pair, so called an EPR-Bell pair. We have proposed such a deterministic EPR-Bell pair 

source by utilizing the polarization (spin) selection rule of bi-exciton to exciton cascade mission 

process in a quantum dot [48]. 

 

Finally, we studied various quantum information systems with those single photon sources. A 

gate-model quantum computer architecture with deterministic and indistinguishable single 

photons were theoretically studied [49]. A quantum key distribution based on BB84 protocol with 

deterministic single photons were experimentally demonstrated [50]. Two semiconductor 

quantum dot excited by resonant light pulses, and their two generated single photon pulses have 

very short duration of 10 - 100 ps and mutually interfere with each other [51]. 

 

Indistinguishable single photons from a 
quantum dot [47]. 



 

Regulated and entangled photon-pairs from a 
quantum dot [48].  
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Quantum control of an election spin with light pulses and generation of spin-photon entangled 

states (2005 – 2012) 

 

Since the discovery of nuclear magnetic resonance (NMR) and electron spin resonance (ESR) in 

1946, coherent manipulation (or rotation) of a spin is always realized by a sequence of pulses of 

resonant electromagnetic fields. Using this technique, a time duration required to rotate a spin by 

π/2 or π must be much longer than the inverse of a Zeeman frequency, which is typically 10-100 

psec for an electron spin. A spatial resolution of spin manipulation depends on an artificially 

created magnetic field gradient and is typically 10-100 μm. A new technique we have developed 

using a laser pulse can control an electron spin with a much shorter time duration of 100 fsec - 1 

psec and a much smaller spatial resolution of less than ~1 μm. 

 

Quantum control of an impurity bound electron spin by ultra-fast laser pulses was first 

demonstrated in 2005 [52]. By using this new technique, we can rotate an election spin by an 

arbitrary angle with a time duration much shorter than the inverse Zeeman splitting. We also 

proposed quantum repeaters [53,54] and quantum computers [55] based on this technique of 

optical pulse controlled electron spins. 

 

The above concept was subsequently extended to a more stable quantum dot electron spin system. 

Photon anti-bunching effect from a single quantum dot in a strong coupling regime was observed 

in InAs/GaAs systems [56]. In 2008, we demonstrated complete SU(2) quantum control of a single 

quantum dot spin with ultra-fast laser pulses for the first time [57]. A decoherence time could be 

increased to a few microseconds from an original lifetime of a few nanoseconds by using light 

pulse induced spin echo technique [58]. The same technique was applied to a single quantum dot 

hole spin [59]. 

 

Generation of spin-photon entanglement is an important basic technique for various quantum 

communication protocols. A standard method to realize this state employs a high-Q cavity which 

includes a spin. This system is suitable for basic proof-of-principle experiments but does not scale 

as a practical system. Our scheme based on the spontaneous emission decay of a charged exciton 

from quantum dots or donor impurities produces a spin-photon entangled state in a massive 

parallel way, so that the scheme is suitable for constructing a practical system.  

 

Spontaneous emission decay of a charged exciton state in a single quantum dot naturally prepares 

a spin-photon entangled state, which is useful to realize a scalable quantum repeater system. This 



concept was first demonstrated using an InAs quantum dot embedded in GaAs matrix in 2012 [60]. 

Finally, the complete system architecture and performance evaluation of gate-model and fault-

tolerant quantum computers based on optical pulse controlled electron spins and topological 

surface codes were reported in 2012 [61].   

 
Quantum control of a QD spin using ultrafast optical  
pulses [57]. 

 

 

Spin-photon entanglement generation in a QD [60]. 
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Combinatorial optimization with optical parametric oscillator network (2011 – Present) 

 

Combinatorial optimization problems are ubiquitous in our modern information society. Classic 

examples of combinatorial optimization problems include the lead optimization in drug discovery 

and bio-catalyst development, resource optimization in wireless communications, scheduling and 

logistics, sparse coding for compressed sensing, portfolio optimization in Fintech and deep 

machine learning.  Such combinatorial optimization problems belong to NP, NP-complete or 

NP-hard class in complexity theory, so that modern digital computers cannot solve them 

efficiently as problem sizes increase if a brute-force search is employed to find the exact solutions. 

 

Various heuristic (or approximate) algorithms have been proposed to cope with an exponential 

increase of computational resources required for a large-scale combinatorial optimization problem. 

Yamamoto and his colleagues have proposed coherent Ising machine (CIM) based on network of 

injection-locked lasers as one of those heuristic solvers for combinatorial optimization problems 

in 2011 [62]. The proof-of-principle experiment was implemented with semiconductor lasers and 

fiber lases, but those systems suffered from unstable phase. To improve the stability and the noise 

property of CIM, the network of optical parametric oscillators was studied. Such systems were 

theoretically studied [63] and experimentally demonstrated [64-67] as physical coherent Ising 

machines. The advantage of using optical parametric oscillators instead of lasers is their stable bi-

phase (0 or π) operation. Using this technique, we can construct a robust coherent Ising machine 

even in noisy environments. We demonstrated that such a heuristic solver outperforms a state of 

the art in modern digital computer [68] and quantum annealing machine [69]. We are currently 

elucidating the quantum principles of this novel computing machine [70].   

 
Coherent Ising machines based on optical parametric  
oscillator network [66]. 



 

 

Performance comparison between QA and CIM [69]. 
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