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ABSTRACT 

N'onlineax optical phenomena in both semiconductor microcavities and sodium 

vapor are investigated. Systems displaying atomic and excitonic coupling are stud

ied in detail in order to unravel underlying physical principles. Possible applications 

for these systems are evaluated where appropriate. 

Xormal-mode coupling (NMC) in a semiconductor microcavity is achieved when 

a narrow-linewidth quan^tum well exciton resonance is coincident with the cav

ity mode of a high-finesse microcavity. This interaction leads to a double-peaked 

spectrum in either transmission, reflection, or photolimiinescence (PL). The high-

quality microcavities studied here at liquid-Helium temperatures reveal intensity 

dependent behavior that has not previously been observed. Nonlinear saturation 

of the exciton leads to a spectral broadening of the excitonic absorption without a 

significant loss in oscillator strength. This results in a reduction of the two trans

mission peaks with almost no change in the splitting between the peaks. Such 

behavior is easily explained using phenomenological nonlinear dispersion theory. 

In this nonlinear regime, the luminescence from the microcavity shows a gradual 

transition from the nonperturbative regime of NMC to lasing with increasing exci

tation. The observed behavior is explained by density-dependent changes in both 

the transmission of the microcavity and the bare-excitoa emission, rather than a 

boson-condensation of excitons which has been previously proposed. 

.•\.n intermediate-finesse microcavity also modifies the emission distribution from 

a bulk-semiconductor at room temperature. .Angxilaxly resolved emission spectra 

and quantum efficiency measurements show the PL is strongly dependent on the 

reflectivity of the microcavity. Unfortunately, the enhancement in the decay rate 



12 

of excitons due to high-reflectivity mirrors seen previously by our group does not 

resrdt in an increased quantum eflSciency. 

High-gain optical-wavefront amplification in atomic sodium vapor is demon

strated via both the three-photon effect and stimulated Raman scattering (SRS). 

In both cases, single-pass weaic-field gain of nearly 400 is achieved with only 800 

mVV of pump power near 589 nm. In the case of SRS. phase preservation of the 

amplified wavefront. which is necessary in adaptive imaging applications, is also 

demonstrated. 
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CHAPTER 1 

Introduction 

The interaction between light and matter has continuously fascinated mankind. 

At some point in our lives, we have aJl wondered why a stick appears to bend 

when it is partially submerged in water or why a rainbow forms after a storm. 

While linear phenomena like these have stimulated scientific studies for centuries, 

it has only been recently that intense light sources have enabled researchers to 

study the nonlinear optical properties of different materials. The invention of the 

laser [1. 2] has provided researchers with a valuable tool for systematically studying 

these interactions. In the following chapters, nonlinear optical processes in both 

semiconductor and atomic systems are described, and possible applications of these 

interactions are discussed. 

Semiconductors have already proven to be invaluable in electro-optical devices. 

Semiconductor lasers, detectors, and light-emitting diodes (LEDs) are not only 

used throughout academia and industry, but they have started making their way 

into our homes in products such as compact disk players cind television remote-

control units. Now a relatively new device known as a semiconductor microcavity 

is quickly generating interest among researchers. 

Semiconductor microcavities consist of a thin optically-active material placed 

between high-reflectivity planar mirrors that are separated by as little as a mi

crometer. The spectral, directional, and temporal optical properties of the active 

material can eill be significantly altered by the presence of such a small cavity. Ma

nipulation of these properties through judicious growth has already yielded devices 

such as vertical-cavity surface-emitting lasers (VCSELs) [3] and microcavity LEDs 
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[4]. Fxindameatal reseaxch, such as that contained in the next several chapters, 

is critical toward improving the output characteristics of these devices as well as 

developing other applications. 

Changes in the optical properties of the active medium are a result of coupling 

between the absorbers/emitters in the active layer and the electromagnetic-field 

modes of the cavity. These absorbers/emitters are bound electron-hole pairs re

ferred to as excitons, and coupling is achieved by tuning the cavity peak to match, or 

nearly match, the exciton resonance. In the case of a high-finesse cavity tuned to the 

narrow resonance of excitons in an InGaAs quantum well (QW). strong coupling 

leads to the periodic exchajige of energy between the exciton and photon states. 

This normal-mode coupling (NMC) manifests itself as a double-peaked spectrum 

that can be directly observed in transmission, reflection, and photolimiinescence 

[5]. In preliminary experiments, record splitting-to-linevvidth ratios were measured 

at liquid helium temperatures in our samples [6]. These extremely high-quality 

microcavities were grown by G. Khitrova and H.M. Gibbs with a molecular-beam 

epitaxy (MBE) system. Detailed nonlinear measurements of both transmission and 

photoluminescence at 4 K are presented in chapters 2 and 3. -A.dditional measure

ments taken on mirrorless-material samples are presented in order to help unravel 

the physics involved in these processes. The high quality of these samples results 

in nonlinear phenomena that have not previously been observed. 

For many practical applications, it is not feasible to keep microcavities cooled to 

liquid heliimi temperatures. So while cold temperatures reveal optical properties 

that may otherwise be obsciured at higher temperatures, ultimately one hopes to 

utilize these microcavities at room temperature. Other members of our research 

group have observed both enhanced spontaneous emission decay rate [7] and NMC 

at room temperature [8]. Chapter 4 presents room temperature measurements 
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of the angnlaxly resolved emission spectra and external quantimi eflBciencies (QE) 

from microcavities with a biilk-Ga.45 active material. Here the correlation between 

QE and enheinced decay rate, both of which are affected by the physical parameters 

of the microcavity, is discussed. It is hoped that this research wiU eventually lead 

to highly-efficient microcavity LEDs whose spectral and directional properties caji 

be tailored to fit a particular application. 

Much of the research done in semiconductor microcavities was preceded by simi

lar work in atomic systems. For example. NMC in a semiconductor microcavity was 

not reported until 1992 by VVeisbuch tt al. [9], however the atomic analog, vacuum-

field Rabi splitting (VRS). was observed almost 10 years earlier by Kaluzny et al. 

[10]. Unlike their semiconductor counterparts, nonlinear optical effects in atomic 

systems have been studied e.vtensively [11]. Chapters 5 and 6 propose utilizing two 

well known atomic processes to solve the problem of weaJc-reference wavefronts that 

currently hinders cistronomical adaptive imaging. 

Both the three-photon effect and stimulated Raman scattering (SRS) can be 

used to transfer energy from a strong-pump beam to a weak-secondary beam within 

the confines of an atomic vapor such as sodium. Both processes result from the 

interaction of the applied fields with the energy level structure of the atoms. In 

the three-photon effect, an intense external field modifies the energy levels of the 

atoms, yielding the so-called dressed states. A collection of dressed atoms can 

significantly amplify a weak-secondary wavefront [12]. SRS can also lead to the 

large amplification of a weak field through a different physiccd mechanism. In 

SRS energy-transfer is achieved by stimulating the scattering process that occurs 

amongst the hyperfine levels of the sodium atoms [13]. 

.Adaptive imaging techniques require wavefront phase information in order to 

compensate for aberrations that result from propagation through the turbulent 
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atmosphere. Therefore, in order for three-photon and SRS amplification to be 

useful in such applications, they must preserve the phcise characteristics of the 

wavefront. Chapters 5 and 6 demonstrate the laxge amplification experienced by 

a weak-optical field interacting with a strongly-driven system of sodium atoms for 

both of these techniques. .Although measuring the phase of the amplified wavefront 

proved difficult in the case of three-photon amplification, phase preservation is 

confirmed when SRS is used to amplify the weak field. The feasibility of applying 

these techniques to astronomic adaptive imaging is also discussed. 

With an understanding of the interactions of light and matter in both semicon

ductor and atomic systems, there exists at least the potential for developing new 

technologies as well as improving existing ones. The following chapters contain 

observations and explanations of some interesting physical phenomena and identify 

areas where these processes could possibly be applied. However, the work presented 

in this dissertation is merely a drop in the ocean of current research efforts. Such 

studies are critical in unraveling the fundamental physics of such complex systems. 

It is hoped that the work presented here will in some capacity benefit this ongoing 

process. 
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CHAPTER 2 

Nonlinear semiconductor microcavity transmission in the 

normal-mode coupling regime 

2.1 Introduction 

Light-matter interaction in an intermediate-finesse semiconductor microcavity 

is achieved by coupling bound electron-hole pairs (excitons) to the electromagnetic 

field modes of the cavity. Technological advances in crystal growth techniques make 

it possible to place an optically active semiconductor layer, typically quantum wells 

(QVVs). in between distributed Bragg reflector (DBR) mirrors forming a planar 

cavity in the growth direction. Coupling between the excitons and the cavity occxirs 

when the Fabry-Perot resonance matches or is very close to the exciton resonance. 

There are several potential applications for this phenomenon in optoelectronics. 

Utilizing this effect could result in more efficient and highly directional microcavity 

light emitting diodes (LEDs) and lower threshold vertical-cavity surface-emitting 

lasers (VCSELs) [14, 1.5]. However, a thorough understanding of the fundamental 

physics involved is necessary in order to fuUy exploit this interaction, axid that is 

the main emphasis of the work presented here. 

Semiconductor exciton/cavity experiments were preceded by similar studies in 

atomic systems. In 1963 Jaynes and Cummings published their now famous de

scription of an isolated atom interacting with the single mode of a quantized radi

ation field which is resonant with the atomic transition [16]. They predicted that 

strong coupling would cause a splitting in the eigenvalue spectrum of the interac

tion Hamiltonian. In 1983 Sanchez-Mondragon, Narozhny, and Eberly calculated 
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how such a splitting in the first excited state of a single atom strongly coupled to 

an isolated resonance in a high-finesse cavity would alter the spontaneous-emission 

spectnmi. The coupling caused the emission spectnmi to split into two well-resolved 

peaks. They coined the term vacuum-field Rabi splitting (VRS) to describe this 

emission spectnmi since the splitting did not require an external field but resulted 

from interactions of the atom with the vacuum-field inside the cavity [17|. They 

also described the theoretical transition from the two-peaked VRS spectrum to the 

three-peaked ac-Stark fluorescence spectrum predicted by MoUow [IS] and observed 

by Schuda et al. [19]. This transition requires the presence of an intense external 

field and will be discussed in Chapter 5. VRS is not limited to interactions with a 

single-atom but can also occur when multiple atoms are present in the cavity. With 

a multiatom system, the splitting in the emission peaks increases cis \/iV. where N 

is the number of atoms [20]. This enhancement in the splitting allowed Kaluzny 

and coworkers to observe vacutmi-field Rabi oscillations in the time domain in 1983 

[10]. Quantum statistical limits were finally attained e.xperimentally in 1992 when 

Thompson et al. observed the spectroscopic splitting in the response of a single 

atom strongly coupled to the field of a high-finesse optical resonator [21]. 

In VRS the energy eigenstates of the uncoupled field and a single atom become 

two mixed symmetric and antisymmetric states. Removal of the degeneracy of the 

uncoupled states manifests itself in two spectral peaks observable in transmission, 

reflection, and photoluminescence. When the detiming between the cavity and 

atomic resonance is zero, i.e. uJcavity = '^atom = <*.•<,, the two transmission peaks are 

separated by '2go where 

is the single-atom on-resonance Rabi firequency, fi is the dipole moment, to is the 

dielectric constant at Wo, and V is the effective mode volume of the cavity. If the 

(2.1) 
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Rabi frequency of the coupled oscillators is much larger than the irreversible decay 

mechanisms of the system, i.e. go ^ where k cm^d 7 are the cavity ajid atomic 

decay rates, respectively, the system is said to be strongly coupled. This strong 

coupling regime is characterized by the reversible transfer of energy between the 

atom and the cavity. 

.A.S the number of atoms in the system, iV, is increased, the splitting between the 

transmission pejiks goes to Q.o = \/^go [201. When N becomes large compared to 

the number of cavity photons, the quajitum description of V'RS becomes equivalent 

to the semiclassical treatment of Maxwell-BIoch equations. However, as Zhu et al. 

point out. such a treatment does not emphcisize the completely clzissical nature of 

V'RS which is accurately described by classical linear-dispersion theory [22]. In this 

treatment, the resonance splitting is given by the normal-mode coupling (NMC) of 

classical oscillators. It is important to note that linear-dispersion theory predicts 

a splitting in the transmission peaks for any number of atoms N > 1. as long as 

Qo 7 and the cavity finesse F is large enough so that 

oqL » n-/F (2.2) 

where oqL is the line-center, single-pass absorption. 

NMC in a semiconductor microcavity can likewise be described classically. This 

phenomenon was first observed in a microcavity embedded with QWs by VVeisbuch 

et al. [9]. In order for the NMC peaJvs to be spectrally resolved, their splitting 

must be larger than both the exciton and cavity linewidths, i.e. Ho k, 7. This 

condition can occur even though the strong coupling requirement is not met. In this 

nonperturbative regime (which is often referred to as the strong coupling regime in 

the semiconductor literature), the index of refraction in the vicinity of the exciton 
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resonance is such that three different wavelengths simultaneously satisfy the Fabry-

Perot resonance condition requiring an iutegral number of half-wavelengths between 

the mirrors. High absorption at the exciton resonance destroys the transmission of 

the central-frequency solution, leaving the two sidebcind solutions. These give the 

characteristic NMC two-peaked transmission spectrum. 

-Although linear measurements are unable to distinguish between the cleissical 

eind quantimi regimes in semiconductor microcavities displaying NMC, nonlinear 

excitation of these systems can potentially lead to additional spectral features which 

are inherently quantimi in nature. Therefore, our experimental efforts have con

centrated on nonlinear phenomena in these semiconductor microcavities. We have 

studied the transition from nonperturbative emission all the way to lasing. Cw 

pump-probe data are found to be explicable with phenomenological-nonlinear dis

persion theory. In addition, these data are also in agreement with a semiclassical 

theory presented elsewhere in which a microscopic many-body calculation deter

mines the nonlinear susceptibility of quantum confined excitons from quantum 

kinetic equations including dephasing due to carrier-carrier and polarization scat

tering [23]. Our measurements indicate that the nonlinear regime in these micro

cavities involves many thousands of carriers, fax from the quantum limit. Finally, 

single-beam nonlinear transmission experiments show stable optical bistability, a 

signature of the classical regime. 

2.2 Microcavity structure 

The microcavities studied are all grown by MBE on top of GaAs substrates. 

They consist of an optically active layer grown within a cavity spacer whose optical 

length is on the order of the emission wavelength of the microcavity. The spacer 

layer is sandwiched between two DBR mirror stacks which consist of alternating 
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Figure 2.1: Cross section of a microcavity containing two quantum wells. 

A/4 layers of Cra.45 and AlAs as seen in Figure 2.1. The lattice constants of Ga.45 

and AlAs are neaxly identical, and these layers can be grown on top of each other 

with almost no lattice strain in the crystal. Different stop band reflectivities are 

obtained by varying the number of A/4 mirror layers in the DBR stack. 

The optically active layer consists of two identical S-nm /no.o3Gao.9745 QVVs 

grown in the antinodes of a 3A/2 GaAs spacer. /no.03<7ao.97--i-s QVVs with GaAs 

barriers have several advantages over GaAs QWs with AlxGa^i^j.)As barriers. The 

In concentration is large enough so that the heavy-hole exciton is around 834 nm 

at 4 A', and transmissioa can be studied without removal of the Ga/ls substrate. 

The strain in the lattice caused by the /n removes the degeneracy of the heavy-hole 

and light-hole resonances, shifting the light-hole exciton peak to 826 nm so that 
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Figure 2.2: Absorptioa spectrum taken at 4 K typical of the /no.o3Gao.97--l'S quan
tum wells used in the normaJ-mode coupling samples. Over 100 fim of GaAs sub
strate is still part of this sample: the tail of this absorption lifts up the light-hole 
and heavy-hole-continuum absorption. 

it does not interfere with jN'MC studies with the heavy-hole exciton. However, the 

In concentration is still low enough so that the exciton linewidth is only 0.64 nm 

(l.lmeV ) at 4A' for the 20-QW sample grown without DBR mirrors shown in Figure 

2.2. This absorption spectrum was measured with a broadband LED focused to a 

50/im spot on the sample and detected by an optical multichaimel analyzer (OMA). 

The absorption is approximated by 

a{u>)L — In (2.3) 



24 

0.015 

.1 O.OlO 
CO 

1 m C 
2 
H 0.005 

0.000 

Figure 2.-3: Lineax traasmissioa at 4 K of microcavity with 2 quantum wells at the 
antinodes of a 3A/2 spacer between DBR mirrors with R — 99.94%. The splitting 
between the peaks is twice the Rabi frequency of the coupled system. 

where /,(a;) and /f(u;) are the incident ajid transmitted intensities, respectively. 

Equation 2.3 is valid if reflection and scattering losses can be ignored. While 

we believe that this eissumption is valid for our samples, fiurther experiments are 

currently being performed in order to determine the reflection losses caused by 

multiple beam interference. This effect may be important due to the periodic 

structure of the active region. 

The narrow-linewidth QVVs in these samples result in the best published NMC 

splitting-to-linewidth ratio: 17 in Figure 2.3 using the full-width at half-maximum 

(FVVHM) value of the broader higher energy peak. This sample, dubbed NMC20, 
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-—2Q, 

-
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has a 99.94% calculated reflectivity for both the top and bottom mirror stacks 

which have 19 and 21.5 periods respectively. The top mirror requires fewer layers 

for approximately the same reflectivity because of the large index contrast between 

the final mirror layer {GaAs) and the exit material (air). Nonlinear transmission 

studies presented in the following sections were performed on a similar sample, 

NMC22. which contains 2 quantum wells in a 3A/2 GaAs spacer between top and 

bottom mirror stacks of 14 and 16.5 periods {R = 99.6%), respectively. 

In order to achieve a coupled system, the many layers of the sample must be 

grown such that the cavity resonance is coincident with the e.xciton energy. How

ever. MBE growth is not uniform across the entire wafer. Each layer is thickest at 

the growth center of the wafer and tapers in the radial direction. For our studies, 

this apparent drawback turns out to be useful. Because the cavity resonance is 

much more sensitive to small percentage changes in layer thickness compared to 

the exciton energy, the wavelength of the cavity resonance varies greatly across the 

sample (as much as 50 nm over a I cm piece of sample) while the exciton wave

length barely shifts at all. Thus the detuning between the cavity and exciton can 

be adjusted by simply moving the sample transversely through the probe beam. 

Figure 2.4 shows the wavelength of the cavity transmission peak (steep slope) and 

the exciton emission peak (almost zero slope) as the microcavity is moved in the 

focal plane of a broadband probe. The probe is incident in the normal direction 

to the sample and focused to about a 50 nm diameter spot. When the position of 

the sample is adjusted such that the cavity wavelength measured by the probe is 

either much higher or much lower than the exciton, the splitting between the two 

peaks increases substantially. In these extremes, one can distinguish between the 

more cavity-like and more exciton-like resonances. As the cavity is tuned through 
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Figure 2.4: Anticrossing behavior of NMC traJismission peaks as the cavity peak 
is tuned through the exciton peak by moving the microcavity across the 50 fim 
diameter broadbajid probe used to record the transmission spectra. 

(actually anticrosses) the exciton resonance, the splitting between the transmis

sion peaks reaches a finite minimum. This anticrossing behavior is a result of the 

coupling between the cavity and exciton. At minimum splitting the transmission 

peaks are no longer associated with either the cavity or the exciton, but instead 

result from the coupled cavity/exciton system. 

2.3 Nonlinear transmission of semiconductor microcavities 

Cw pump>-probe experiments were performed to measure the nonlinear trans

mission of microcavity NMC22 at extremely low temperatures. The experimental 
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Figure 2.5: Experimental setup for measuring nonlinear NMC transmission. 

setup is shown in Figxire 2.5. An LED with peak wavelength at S55 nm and a 

spectral FWHM of 50 nm is used to probe the exciton absorption. The LED is 

modulated at 6 kHz to allow lock-in detection. The sample is kept at about 4 K 

by a cryogenic liquid-Helium refrigeration system. A cw tunable TirSapphire laser 

is used to pump the sample for both resonant and nonresonant experiments. The 

pump beam is focused to a 46 fim spot on the sample at an incident angle of about 

5°: the angle is necessary to avoid flooding the detector with pump light, especially 
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when pumping resonantly. The LED probe beam is spatially filtered and colli-

mated, amd then it is focused to a 30 ptm spot on the sample concentric with the 

pump beam. The transmitted signal is focused into a 1.26 m scanning spectrome

ter with 0.2 nm resolution cind detected by a Hamamatsu R943-02 photomnltiplier 

Nonlinear transmission data are taken with the cavity slightly detuned to a 

lower wavelength (higher energy) than the exciton. This is done so that the NMC 

transmission peaJcs axe approximately the same height. Contrary to our initial ex

pectations. the higher-wavelength peaJc is actually about four times the magnitude 

of the lower-wavelength peaJc when the cavity is exactly on-resonance with the ex

citon and the splitting is at a minimum. Both Whittaker et al. and Savona et 

al. claim that this phenomenon can be explained by motional narrowing of the 

polariton modes [24. 25]. Our group is currently investigating this effect, and we 

mention it here only to emphasize that our measurements were taken with the 

cavity slightly detuned. 

The detuning between the cavity and e.xciton 5 = Ucavity — ^exdton can be esti

mated using atomic theory [11] where 

217 is the measured off-resonance trajismission-peak splitting, and 2Qo = 4.76 meV 

is the on-resonance or minimum splitting. For the following transmission data taken 

on NMC22, 5 ss -1-1.5 meV which corresponds to -1-0.85 nm. The slight detuning of 

the cavity does not significantly alter the underlying physics of the interaction but 

simply allows the behavior of both pealcs to be studied simultaneously. 

Nonlinear transmission spectra are shown in Figure 2.6. The pump intensity is 

increased for each successive curve from the bottom, for which there is no pump, 

tube (PMT). 

(2.4) 
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Figure '2.6: Nonlinear tremsmission of NMC22 with 2 quantum wells at the antin-
odes of a 3A/2 spacer between 99.6% DBR mirrors pumping above the cavity stop 
band at 787 nm (left) and into the higher-wavelength peak at 835.9 nm (right). 
Pump intensity increases from bottom to top with each trace offset for clarity. 

to the top. However pump intensities are not identical for the left and right sides. 

For the case of nonresonant pumping shown on the left, the laser is tuned to higher 

energy to the first transmission window (reflectivity minimum) above the stop 

band of the mirrors, which is about 792 nm for this sample. The striking feature 

of these data is the reduction in transmission with negligible change in splitting 

seen with increasing pump intensities. At significantly high carrier densities. NMC 

is destroyed and single-peaked cavity-like transmission is restored. Eventually the 

carrier density is high enough for gain to overcome cavity losses and lasing occurs 
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at the single-peak wavelength. Similar behavior is observed when the laser is tuned 

to 835.9 nm so that the system is resonantly pumped into the higher-wavelength 

peak, as seen on the right side of Figure 2.6. However, these data are much noisier 

due to the difficulty of filtering scattered pump light. 

2.4 Nonlinear absorption of narrow-linewidth quantum wells 

In order to understand the behavior of the transmitted emission through this 

microcavity for increasing carrier densities, nonlinear exciton-absorption measure

ments were taken using the 20 InGaAsfGaAs QVV sample whose linear absorption 

spectrum is shown in Figure 2.2. The experimental setup is similar to that used 

in Figure 2.5: the only significant difference is that both LED and laser are syn

chronously modulated with a low duty cycle to avoid heating the sample. The 

modulation is slow (I.0;z5 pulses with 0.1 ms period) in comparison with temporal 

effects in the microcavity (which occur on a ns time scale), and the experiment 

can therefore be considered quasi-cw. The LED is chopped a second time with a 

mechanical chopper at 45 Hz to allow lock-in detection. 

Figure 2.7a shows the exciton absorption spectra mecisured by the probe for sev

eral pump intensities. The pumping is nonresonant, with the wavelength of laser 

at 7S0 nm. As the pumping intensity is initially increased from zero (i.e. the lin

ear absorption case) the exciton absorption is significantly broadened with almost 

no change in oscillator strength (integrated absorption). It is the narrow exciton 

linewidth of these QWs which makes the broadening so apparent at carrier densities 

lower than those required for the more familiar and commonly accepted nonlineari-

ties of phase space filling and screening (loss of oscillator strength) reported by other 

groups [26, 27]. .A.s the pmnping is increased further, loss of oscillator strength is 

observed here as well. 
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Figure 2.7: a) Differential absorption in a 20-QVV sample for increasing nonreso-
aant pumping and b) the corresponding differential index resulting from a Kramers-
Kronig transformation (Note: the data in a) have been smoothed for easier com
putation). c) The calculated transmission of a microcavity using a transfer-matrix 
technique which includes data from a) cind b). The dashed line represents the 
transmission solution when the exciton absorption is completely saturated. 

The index of refraction of the QVVs can be calculated using absorption mea

surements via a Kramers-Kronig transformation [28]. The index of the QWs at 

frequency uj is given by 

= ^Pr r (2.5) 
IT Jo W — u;-' 

where aQw[<^) is the absorption of the QWs and Pr indicates that the principal 

value of the integral should be taken. The differential QW absorption, shown 

in Figure 2.7a. is calculated by taking the total measured absorption minus the 
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absorption of bnlk-GaAs. Aqq^vCw) = aqwi^^) — oicaAsi'^)- The Krcimers-Kronig 

integral can be evaluated in differential form over the spectral region near the 

exciton resonance u: = Wq ± Aw. This approximation is justified as long as the 

differential contribution to the total absorption is small, Aqqpv(w) << 

and hence the contribution to the integral is small, for |aj — Woj > Aa;. 

The total index of the QWs is now given by 

which is used in a layer-by-layer transfer-matrix calculation [29]. This calcula

tion includes the dispersion and absorption of each layer to determine the multiple 

beam interference solutions of the microcavity. The nonlinear transmission spectra 

based on these calculations are shown in Figure 2.7c and show the same reduc

tion in transmission with almost no change in splitting as seen in the experimental 

data. The dashed line in (c) represents the solution when the exciton dispersion 

in (b) has been totally bleached by assuming zero absorption in (a). Although 

physically there will be residual absorption due to bandgap renormalization, this 

first-order approximation does reproduce the qualitative behavior seen experimen

tally. Unfortunately, noise from photoluminescence prevented actual transmission 

measurements at a carrier density high enough to completely saturate the exciton 

absorption. 

The straight solid line in Figure 2.7b is the calculated Fabry-Perot resonance 

condition for this microcavity: 

where d is the thickness of the QW/GaAs barriers and m is an integer. The trans

mission solutions can be understood as the intersection of the resonance condition 

^w+Au/ AaQwCi^'') 
'  V _ -,.2 u/—iAU/ wt' 

(2.6) 

2n{X)d — mX — '2nQw{X)dQw + '2nGaAsiX)dGaAa (2.7) 



with the QW index curve. However, this "'load line" is not used in the transfer-

matrix calculation and is only included as a visual aid to provide an intuitive 

understanding of the origin of the three transmission solutions. 

The curious nonlinear transmission data in Figure 2.6 are now easily understood. 

.A.t low carrier densities the absorption is low at the two off-resonance cavity peaks, 

so their transmissions axe high. The on-resonance transmission is destroyed by the 

high absorption of the exciton. As the carrier density is initially increased, the 

dominant change in the exciton absorption is broadening which increases the ab

sorption at the two off-resonance peaJcs thereby lowering their transmissions. This 

broadening effect initially dominates over loss of oscillator strength, so that the 

transmission at both peaks goes almost to zero before a reduction of the NMC 

splitting is seen. The microscopic theory of Jahnke et al. reveals that dephasing by 

carrier-carrier and polarization scattering is the physical origin of the broadening 

[23]. This behavior differs from previous nonlinear experiments which were domi

nated by nonlineaxities associated with higher carrier densities such as phase space 

filling and screening (loss of oscillator strength) [26, 27] because the linewidths of 

the transmission peaks in our sample axe much smaller than the NMC splitting. 

Thus, broadening of the exciton absorption can have a dramatic effect on the two 

transmission peaks before loss of oscillator strength becomes significant. Eventually 

loss of oscillator strength due to higher carrier densities is observed, and the NMC 

splitting is reduced. Evidence of this can be seen for the highest pump intensity in 

Figure 2.7. Single-peaked transmission at the cavity resonance near the midpoint 

of the original NMC peaks is observed only when the carrier density is large enough 

to completely destroy NMC. The slight offset of the single-peaked transmission is 

due to the detuning between the cavity and exciton resonances. With even higher 

pumping, the quantum wells exhibit gain and lasing occurs at this wavelength. 
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2.5 Nonlineaxities of naxrow-linewidth quantum wells 

A limited number of excitations is usually a necessary criterion in order to ob

serve inherently quantum features in a cavity-coupled system. In order to estimate 

the number of excitations involved in the nonlinear effects that have been described, 

time resolved measurements were taken to determine the saturation density of the 

QWs. The experiment consists of pumping the 20-QW sample (no DBR mirrors) 

with a pulse train of 150-/5 pulses from a mode-locked Tirsapphire laser centered 

at 828 nm. just above the exciton energy. The pimip is focused to a 50 fim spot on 

the sample. The nonlinear absorption is then probed with a weak-narrowband cw 

probe from a second Tirsapphire laser tuned to the peak of the exciton absorption 

and focused to a 30 fim spot concentric with the pump spot. The pump pulses 

are incident at about 10° from normal to aid in separating them from the normal 

incident probe. Transmission of the weak-cw laser is measured by a fast photodi-

ode whose signal is sent to a Tektronix 7104 sampling oscilloscope and then to a 

Hewlett-Packard 54100.A. digitizing oscilloscope for averaging. The upper trace in 

Figure 2.8 shows that a{u;o)L, defined in Equation 2.3, is about 2.5 with no pump. 

In the lower time trace the pimip energy was adjusted to reduce the absorption in 

half. The saturation density is then computed by 

_ fpump X aL 1 ,.y 
-Vmp huj NQWs 

From the measured pump energy {Ej^mp = 2.5 pJ), pump pulse area {Apump = 

2.1 X 10^/xm^), absorption coefficient at the pimip wavelength {aL = 0.28 ±0.05), 

and number of quantum wells (NQWs = 20), we calculate ^ ~-0 x 10® cm~^ 

needed to reduce the quantum well absorption in half. Dividing by the 8-nm 

quantum-well thickness gives a value of 8.75 x 10^^ cm~^. 
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Figure 2.8; Lower trace is the time dynamics of aL for a 150-/5 pump pulse incident 
on a sample containing 20 InosaGaosT-^s[GaAs quantum wells. The upper trace 
shows aL when no pump is present. 

useful measure of the nonlinear behavior described in these experiments is 

the change in index per carrier. Using the index spectra associated with the linear 

absorption (i.e. piunp intensity = 0) and the N % Naat absorption from Figure 

2.7b, the maximum index change per carrier for a cavity detuning of about O.Snm is 

{—^n/N)max = 3.6 X 10~^^cm^ or 2.86 x 10"*^' cm^ at N^sat- ^n/^f has been foimd to 

be very dependent upon quantvun well thickness and carrier density [30]. For a 63-

period T.6nm GaAs/S.lnm .4/o.37<jao.63-45 MQVV with a FWHM heavy-hole exciton 

linewidth of 6 nm at 300 K, a saturation density of almost 10^® cm~^ was found 

with —An/N ss 0.7 x 10"^® cm^ [30]: at AT = 10^® cm~^, which is approximately the 
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same as our measured saturation density, —An/iV w 11.5 x 10~^® cm^ [31]. The 

more thaji an order of magnitude higher value found here at nearly the same value 

of iV likely arises from the factor of ten narrower linewidth of this sample at 4 A'. 

As a final confirmation of the semiclassical nature of the nonlinear transmission 

described above, a single-beam transmission experiment was performed on NMC22. 

.A. Fabry-Perot interferometer containing a nonlineax material will display optical 

bistability [32]. Figure 2.9 shows the transmitted intensity versus input intensity 

as measured on NMC22. In the quantum limit, optical bistability is not predicted 

[33. 34] because fluctuations are large enough to cause transitions back and forth 

between upper and lower branches, resulting in a mean value. Therefore, both 

the estimate of the total number of carriers involved and the observation of stable 

optical bistabiltiy confirm that the present experiments are many orders of magni

tude away from the quantum limit. Structures with much higher finesse and much 

smaller volumes are needed in order to reach this limit. 

2.6 Conclusion 

In summary, narrow-linewidth quantmn weUs in an intermediate-reflectivity 

microcavity constitute a superb system for studying coupled oscillators, namely 

exciton-cavity coupling. Carrier density and optical bistability measurements indi

cate that the present studies are far from the quantum limits achieved in atomic 

systems. Nonlinear transmission measurements can be easily explained by a semi-

classical transfer-matrix technique in which the quantum well nonlinearity is de

scribed phenomenologicaUy by the bare quantum well absorption measured on a 

cavityless sample. These measurements indicate that exciton broadening with little 

reduction in oscillator strength is the dominant nonlinearity in the nonperturbative 

reversible emission regime for such narrow-linewidth excitons. For higher carrier 
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Figure 2.9: Transmitted power through a microcavity as a fimction of incident 
power. (Note: the relative scales of the x and y ajces axe not the same.) 

densities the exciton is completely saturated and NMC is destroyed, resulting in a 

single transmission peak and ultimately leising. 
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CHAPTER 3 

Photoluminescent emission of semiconductor microcavities 

from the normal-mode coupling regime to lasing 

3.1 Introduction 

The investigation of photoluniinescence (PL) from semiconductor microcavities 

has been an active area of research over the past several years. The excitement to 

unravel the complex physical principles which govern the emission process stems 

from the potential applications which include tailoring the emission properties of 

microcavity LEDs eind lowering the threshold and improving the quantum efficiency 

of VCSELs [14. 15]. Houdre et al. studied PL to determine the linear dispersion 

curve by angularly resolved detection [35] and the nonlinear response as a function 

of excitation density [26]. However the broad linewidth of their samples prevented 

studies of the exciton broadening regime emphasized in the nonlinear trcinsmission 

data discussed in the previous chapter and in our PL measurements here. Our 

narrow linewidth samples provide us with a unique insight into the physics of the 

PL emission in this regime. Other recent studies have included a proposed "exciton-

polariton Boser" theory which suggests that observed nonlinear behavior may result 

from a Bose-Einstein type condensation in which excitons are stimulated to = 0 

by phonon scattering [36, 37]. While we have observed similar behavior, both our 

measurements [38] and subsequent calculations by our colleagues [39] indicate that 

at carrier densities necessary to achieve this regime, the observed behavior cannot 

be attributed to Bosonic properties of excitons. 
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In this chapter we describe experimentally measured PL from a microcavity all 

the way from the nonperturbative reversible emission regime of normal-mode cou

pling (NMC) up to irreversible lasing. The temperature dependence of PL in the 

NMC regime is also discussed. PL emission is generated by radiatively pumping 

the microcavity high up in the band-to-band region. Caxriers relax via optical 

and acoustic phonon emission to the extrema of the lowest conduction subband. 

where they can decay radiatively. The spectral distribution emitted perpendicular 

to the microcavity layers is then measured. Low density PL measurements revecd 

the strong coupling (NMC) between the cavity and excitons described for trans

mission measurements in the previous chapter. .A.s the carrier density is increased, 

the coupling is weakened and eventually destroyed, and ultimately lasing occurs. 

Excellent agreement is found between our experimental measurements and a re

cently developed quantum-electrodynamic theory for electron-hole luminescence in 

a microcavity [39. 40]. 

3.2 Temperature dependence of photoluminescence 

PL measurements as a function of temperature were taken using microcavity 

NMC22. which is described in detail in the last chapter. The experimental setup is 

identical to that shown in Figxire 2.5 with the addition of an optical multichannel 

analyzer (OM.A.) used to measure PL. .A. cw tunable TirSapphire laser pumps the 

sample nonresonantly at 792nm which corresponds to the first transmission window 

above the mirror stop band. The laser beam is incident at about 5° from normal, 

and focused to a 46 spot diameter on the sample. Emission is collected in the 

normal direction from a small solid angle ~ 4n- x 10"^ sr. A removable mirror is 

positioned in front of the scanning spectrometer to redirect PL into an OMA with 

a linear array detector. The spectral data are averaged over a large number of 
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scans and sent to a computer. Figure 3.1a shows the PL emission spectra taken 

at about 4 K. The dashed line is a fit to the data using two Lorentzian peaks. 

Even with such narrow linewidths in these QW samples, inhomogeneous broadening 

still dominates the PL spectrum at low temperatures with excitation intensities 

In Figure .3.1 the cavity resonance has been adjusted such that both peaks (dips) 

in the NMC linear transmission (reflectance) spectrum are approximately the same 

magnitude. This occurs when the cavity resonance is on the high-energy side of the 

exciton. and the estimated detuning is (f % +0.S5nm (+1.07716^'): see the discussion 

preceding Equation 2.4. The decision to use the splitting between the transmission 

peaks rather than the PL peaks to determine the detuning is somewhat arbitrary. It 

is important to note that the splittings measured in PL, transmission, or reflection 

are all different [41]. and thus the detuning as calculated by Equation 2.4 will be 

different. How^ever. transfer-matrix calculations show that Equation 2.4 is accurate 

to within 10% for transmission splittings < .3 meV. So it is used here only as a 

first-order approximation. 

.A.S the number of carriers in the system is increased, the effective carrier tem

perature deviates from the lattice temperature. The carrier temperature can be 

determined from the population distribution fimction. Since the PL spectral emis

sion is given by the density of states times the population distribution [28], and the 

difference in the density of states is minimal, the difference in magnitude between 

the two observed PL peaks is simply due to the carrier distribution function. In the 

classical limit, this function can be approximated by a Maxwell-Boltzmajm distri

bution. The ratio of the population of the upper-polariton to the lower-polariton 

is then given by 

< 0.01 kW/cm?. 

(3.1) 
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Figure 3.1: a) Photoluminescence spectrum at 4/\ collected in tke normal direction 
from NMC22 pumping at 792 nm. The dashed line is a fit using two overlapping 
Lorentzian curves, b) PL spectnun after the temperature is raised to 110 A'. Note 
the shift in wavelength (x-axis). 
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Using the splitting of the peaks (2Q ~ 5.0 meV) and the ratio of the peaJc values 

{Peaki/Peako = 0.114), the calculated carrier temperature is T = 26.6 A', which is 

significantly higher than the measured lattice temperature of 4 K. Weaker excita

tion PL data (not shown) resulted in a calculated carrier temperature oiT = 19.3 A'. 

For these measurements, the carriers are not in thermodynamic equilibrium with 

the lattice because of the relatively high carrier densities used to measure the PL. 

Interaction between the carriers increases the effective carrier temperature. Houdre 

et al. measuring a piece of this same sample found that for sufficiently low pump 

intensities the calculated effective carrier temperature was in good agreement with 

the measured lattice temperature down to 4 A' [42]. 

.\s the lattice temperature is increased, the ratio of the PL peaks follows Equa

tion 3.1 fairly well. Figure 3.1b shows the PL spectra at 110 A', where k^T is 

only about twice as large as the NMC splitting. Here the lower-polariton peak is 

only 50% higher than the upper-polariton peak which is substantially broadened. 

The calculated carrier temperature based on the relative peak heights is 120 A'. 

.Again, the difference from the measured lattice temperature is most likely due to 

the high carrier density. Further studies are required to answer the many questions 

regarding temperatiire dependence in these microcavities. 

3.3 Low temperature nonlinear photoluminescence and transmission 

Low temperature PL measxirements were made as a function of cavity detuning 

on NMC22. In addition, nonlinear transmission spectra were taken simultaneously 

to assist in explaining the PL spectra. The transmission spectra are taken in the 

Scime fcishion as described in the previous chapter. As soon as transmission data are 

collected, a removable mirror is inserted, the broadband LED is blocked, and PL 
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Figure 3.2: a) Nonlinear photoluminescence of NMC22 piunping above the cavity-
stop band at 792 nm for a cavity detuning of +0.85 nm. Pump intensity increases 
from bottom to top with each trace offset for clarity and the lower excitation spectra 
magnified, b) The corresponding nonlinear transmission. 

data are recorded on the OM.A,. In this way, PL and transmission can be measured 

with the same carrier density. 

Intensity dependent PL and transmission are shown in Figure 3.2, where each 

PL trace is normalized to unity. The laser pump is at 792 nm well into the band-

to-band region, and the cavity is detimed -f-0.8o nm (-{-1.5 meV) from the exciton. 

With increasing excitation the transmission peaics broaden with almost no change 

in splitting as a result of the exciton broadening that was discussed in the previous 

chapter. This effect combined with broadening of the bare-QVV PL causes the 
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microcavity PL spectra to broaden cis well. Additionally, the relative heights of 

the two PL peaks change in a curious manner. .A.t low excitations, the intensity of 

the lower-polarifcon peak is much stronger than the upper-polariton peaic, due to 

the temperature-dependent distribution. As the excitation intensity is increased, 

the upper-polariton emission increases rapidly, while the lower-polariton emission 

tends to saturate. The PL peaks "crossover" (i.e. are of roughly equal height) at 

about the same density where transmission is minimized. When the carrier density 

is high enough so that the upper-polariton is dominant, single-peaked transmission 

occurs. This seems to indicate that the coupling between the exciton and cavity 

has been destroyed, or at least significantly weakened. 

.A.S the carrier density is increased further, the PL spectrum narrows and an 

intensity threshold behavior is observed indicating Icising. This trajisition from the 

nonperturbative NMC regime to laser threshold is evident in Figure 3.3. Here the 

cavity detuning is estimated to be about +1.6 nm (-1-2.8 meV) based on measure

ments of the linear transmission spectrum. There are three significant differences in 

the experimental setup from that of the previous measurement. First, the collected 

emission is imaged onto an aperture whose area is an order of magnitude smaller 

than the image of the laser spot. Thus only PL coming from the central, most 

uniformly excited area of the sample is collected. Second, the pump is modulated 

with a low duty cycle to avoid heating the sample. The laser is chopped using an 

acousto-optic modulator into 0.5 fis pulses with a 4.7 fxs period. The duration of 

these pulses is much longer than any temporal effects in the microcavity, and the 

measurements can therefore be considered cw. Third, time-sharing of equipment 

required the use of a lower-resolution OMA to measure PL emission. While this 

does not affect the spectra at the intermediate carrier densities, low density and 

high density spectra axe noticeably broadened. 
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Figure 3.3; a) PL spectra from NMC22 for increasing pump intensities for a cavity 
detuning of +1.6 nm. b) PL peak heights as a function of pump intensity. 

Figure 3.3b plots the majcimum intensities of the upper and lower-polariton 

peaks as a fimction of pump power. Again the upper-polariton peak rapidly in

creases. eventually overtaking the lower-polariton peak which saturates. The higher 

intensity measurements show a threshold behavior at the upper-polariton peak. 

This along with the spectral naxrowing in part (a) indicates the onset of lasing. 

According to the nonlinear dispersion theory described in the last chapter, there 

are always two pronounced peaks in both transmission and PL as long as the 

resonance of the absorber/emitter is close to the Fabry-Perot resonance. At higher 

densities vvhen the cavity is detuned to the high-energy side of the exciton, there 
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may no longer be an intersection of the resonajice load line with the index curve 

on the lower-energy side in Figure 2.7b. However, there may still be a lower-

energy transmission peaic because there can still be a neax resonance, which is seen 

by examining the Fabry-Perot transmission formula for a plane wave propagating 

along the cavity axis: 

/.(A) ^ TjXfe-''-
/ ,(A) (l-fi(A)e-''')2+4fi(A)e—'sm2(£(A)/2)' 

where /t(A) and /,(A) are the transmitted and incident intensities, respectively. 

qL is the single-pass absorption, and e(A) is the round-trip phase shift. A near 

resonance occurs because the sin^ term in the denominator becomes small enough 

close to resonance that transmission is possible. 

3.4 Comparison of experimental measurements and theory 

PL and transmission measurements were made for an intermediate cavity de

tuning in order to compaxe experimental and theoretical data. Figure 3.4a shows 

PL and transmission data when the cavity is detuned approximately -(-1.1 nm 

(4-1.9 meV) to the high-energy side of the exciton. The pump and probe spot 

diameters are 40 fim and 100 fim, respectively. .A. triggered function generator is 

used to synchronously modulate the LED probe with the pump, which again is 

modulated to avoid heating the sample. The LED is chopped a second time with a 

mechanical chopper at 300 Hz to allow lock-in detection of the transmission. With 

increasing excitation, both transmission peaJcs decrease and the upper-energy peak 

slowly shifts to lower energy. Eventually, the lower-energy peak essentially disap

pears. For the corresponding PL, the relative size of the lower-polariton peaJc is 
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Figure 3.4: a) Experimentally measured nonlinear transmission and corresponding 
PL for a cavity detuning of % +1.9 meV. Pimip intensity increases from bottom 
to top and each PL trace is normaiized to unity, b) Calculated transmission and 
PL based on a fully quantum mechanical microscopic theory for a cavity detuning 
of +1.6 meV. 

reduced compared to the upper-polariton which also undergoes a red shift. Unfor

tunately the PL spectral peaks are artificially broadened in these data, at least for 

low excitation levels, due to the poor resolution of the OMA. 

Figure 3.4b shows the results of a microscopic steady-state computation, assum

ing electron and hole distributions in equilibrium at 80 K. The system is excited 

above the band edge, and hot carriers relax due to carrier-carrier scattering and 

LO-phonon emission. This fully quantum analysis of the luminescence properties 
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was performed by studying the many-body system of caxriers microscopically, and 

the details axe presented elsewhere [39]. These theoretical cvirves axe in very good 

agreement with the experimental data in part (a). 

Cw PL data caji now be understood as follows. .At low carrier densities NMC 

is fully effective, and the splitting between the PL peziks is given approximately 

by twice the generalized Rabi frequency fi. Here the exciton distribution is cold 

and the densities are too low for state filling to be very important. Electron-hole 

pairs are trying to emit from within the microcavity where the photon density of 

states determines that emission can occur only at the two NMC energies. Since the 

distribution is cold with ki,T <C fio- the lower-polariton emission dominates. .As the 

density increases with higher excitation, exciton broadening caused by dephasing 

associated with carrier-carrier and polarization scattering [23] results in a modified 

photon density of states. If the cavity is detuned to the high-energy side of the 

exciton. the upper-polariton peak shifts to lower energy ajid the lower-polariton 

peak shifts slightly to higher energy. Hence the splitting between the peaks collapses 

to the detuning, 211 % A.. This collapse is clearly evident in both the experimental 

and theoretical data shown in Figure 3.5. In this case, the experimental data were 

taken with a detuning of about +1.9meV' (+1.1 nm). The upper two curves, a) and 

b), plot the magnitude of the PL peaks with increasing excitation, while the lower 

two curves, c) and d), show the position of the PL peaks. .Above crossover, the 

splitting no longer increases with increasing intensity, indicating that the coupling 

between the cavity and exciton, fio. has been destroyed [39]. 

The proposed "^exciton-polau-iton Boser" theory [36, 37] explains the threshold

like behavior of the upper-polariton emission by claiming that at these high Ccirrier 

densities, the excitons can still be treated as bosons. They argue that a Bose-

Einstein condensation of excitons is achieved by stimulation to Ar = 0 through 
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phonon scattering. However, the crossover of the PL peaks occurs at caxrier den

sities (1 — 2 X 10" cm~^) about a factor of two below lasing threshold [43]. For 

lasing to occur, the electron and hole occupation probabilities, /j^ and /|^, must be 

large enough such that /k + /k > 1- In a Bosonic system, << 1. Thus, we 

conclude that the total occupation probability is inconsistent with a Bosonic sys

tem. Furthermore, theoretical calculations show that the Boson commutator is far 

below the ideal Bosonic value of one [39]. Thus, the crossover behavior described 

above cannot be attributed to Bosonic properties of excitons. 
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The rapidly increasing magnitude of the upper-polariton emission is instead 

explained by both the microcavity transmission as well as the bare-QW carrier 

distribution. At low densities the transmission in the upper-energy peaJc is about 

twice that of the lower-energy for the detuning shown in Figvure 3.4. However, 

the carrier distribution fomction still significantly favors the lower-polariton peak, 

resulting in predominately lower-polariton PL emission. As the carrier density in

creases. transmission always remains at the upper-energy peak but drops to nearly 

zero at the lower-energy peak. En addition, state filling broadens the carrier distri

bution. increasing the number of available emitters at the upper-polariton energy. 

Both of these effects increase the magnitude of the upper-polariton peak relative 

to the lower-polariton peaic. and eventually give the peeik crossover. Here the cou

pling between the cavity and exciton has essentially vanished, and the generalized 

Rabi frequency has nearly collapsed to the detuning. The upper-polariton peak 

hardly shifts from crossover to lasing. Thus it can be concluded that at crossover 

the system is no longer in the nonperturbative reversible emission regime of NMC. 

The two PL peaks are not an indication of strong coupling but can be understood 

instead as a classical emitter inside a cavity, where the resonance of the cavity is 

slightly detuned from that of the emitter. 

3.0 Conclusion 

PL emission from a high-quality weakly-excited semiconductor microcavity is 

e.xamined when the cavity resonance is tuned near the exciton resonance. The emis

sion distribution at low carrier densities is consistent with a Maxwell-Boltzmann 

population distribution which broadens to higher energy with increasing carrier-

carrier interaction. The linewidths of the PL peaks of this sample are much smaller 
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than the NMC splitting at low temperatures, allowing observation of nonlineax 

behavior in a regime not previously studied. 

Caxrier-dependent transmission and PL measurements axe explained for the spe

cific case of positive cavity detimings. Exciton broadening reduces both transmis

sion peaks at low carrier densities. .\s the excitation is increased, the lower-energy 

transmission peak nearly vanishes while the upper-energy transmission peak shifts 

to lower energy. This indicates a reduction in oscillator strength as the generalized 

Rabi frequency collapses to the detuning. Curious nonlinear PL behavior is seen 

to result from changes in both the cavity transmission and the emitter distribution 

function, rather than some sort of Bose-Einstein condensation. Experimentally 

measured PL agrees very well with a fully quantum mechanical treatment from the 

low-density linear regime, through the crossover, all the way to lasing threshold. 
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CHAPTER 4 

Angularly resolved spontaneous emission and external 

quantum efficiencies from room-temperature 

semiconductor microcavities 

4.1 Introduction 

Technological advances in growth techniques such as molecular-beam epitaxy 

(MBE) and metalorganic chemical vapor deposition (MOCVD) have led to numer

ous studies of spontaneous emission in semiconductor microcavities. Initial interest 

in controlling spontaneous emission in order to lower the threshold of vertical-cavity 

surface-emitting lasers (VCSELs) [44, 45] has expanded into non-stimulated emis

sion applications. The ability to systematically modify spontaneous emission in 

room-temperature semiconductors offers the potential for spectrally narrow, direc

tional. and efficient light sources that do not require minimum threshold excita

tion. Several groups have made significant advances in applying cavity quantum 

electrodynamics (QED) to manipulate the spatial, spectral, and temporal emission 

characteristics from microcavity LEDs [46, 47, 48. 49]. 

Purcell was the first to predict that the spontaneous emission rate of an excited 

atom could be altered if a cavity of small enough dimensions was placed around the 

atom [50]. Milonni et al. later computed that the spontaneous emission rate from 

an atomic dipole covild be enhanced by a factor of three if the dipole was oriented 

parallel to and situated midway between two perfect and infinite metal mirrors sep

arated by A/2 [51]. The factor of three is obtained by averaging the emission decay 

rate over all angles, which results in the very large enhancement in the direction of 
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the cavity mode being nearly oflfeet by inhibition in other directions [52, 53, 54, 55]. 

Unlike NMC which was described in the previous chapters, this controlled spon

taneous emission occurs in the weak coupling regime of irreversible emission, and 

thus perturbation theory is appropriate for such theoretical calcxilations. 

Experimentally, Yokoyama et al. measured a factor of two increase in the radia

tive decay rate of carriers inside 6.o-nm GaAs quantum wells in a A/2 AIo^Goq^tAs 

spacer between a 20-period Alo^GaosAs/AlAs bottom mirror {R ~ 0.98) and a 

3.5-period ZnS/Si02 top mirror {R ~ 0.9) [56]. Subsequent calculations based on 

their dielectric microcavity are inconsistent, predicting a modest enhancement of 

only a few percent [54, 55. 57. 58. 59, 60j. These calculations are based on nonin-

teracting oriented-dipole theory, and the smail enhajicement is due to penetration 

of the field into the Bragg mirrors and losses into waveguide modes. Noninteracting 

dipole theory is also inconsistent with the measurements of Jin et al. [7]. They 

reported an order of magnitude enhancement in the spontaneous emission rate of 

carriers in a 100-nm thick layer of bulk GaAs centered in a lA AlQ.3Gao,TAs spacer 

between 27.5-period (bottom) and 22-period (top) AIo^zGqq.tAs/AIAs mirrors using 

picosecond excitation below the transparency density. 

The large enhancements observed by both Yokoyama and Jin appear to be in 

agreement with the theory of enhanced spontaneous emission rate of carriers in a 

semiconductor microcavity (ESERCSM) [7. 61, 62]. This theory is based on two 

separate but equally important phenomena: I) beaconing and 2) carrier-carrier 

Coulomb scattering. Beaconing is a cavity effect that results from the coupling 

between the electron-hole system in the semiconductor and the light field in the 

cavity. It enhances the decay rate for emission at the cavity wavevector qc while 

suppressing emission at all other q [53, 54, 55]. Carrier-carrier Coulomb scatter

ing couples the entire carrier population to the fast-decaying momentum state. 
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Without caxrier scattering, beaconing would deplete the carrier population in this 

fast-decaying state, i.e. the system would bum a hole in the carrier distribution 

at the cavity resonance qc. But in a room temperature electron-hole plasma, ul-

trafast czLrrier-carrier and carrier-phonon scattering continuously refill this state, 

leading to a large net enhajicement in the decay rate of caxriers. While computer 

simulations based on ESERCSM have shown significant improvement in describing 

the decay rates of caxriers [7], such calculations are incomplete because they only 

include enhancement into the cavity wavevector. 

Our angular distribution measurements indicate that beaconing occurs not only 

at the cavity wavevector qc. but at other q's cis well. The computer simulations 

based on ESERCSM described by Jahnke et al. model the feedback structure 

of the microcavity in only oae dimension [62], and therefore neglect any possible 

enhancement into other modes. However, a planax microcavity contains Fabry-

Perot resonances at all angles, not just in the normal direction. Thus, one would 

expect ESERCSM to affect spontaneous emission at ail wavevectors and not just 

at qc, at least until walk-off effects begin to dominate. 

While the possibility of significantly increasing the spontaneous emission rate 

of carriers at all q's appears to offer tremendous potential for improving both the 

directionality and quantum eflSciency (QE) of microcavity LEDs, we have found 

that there are severe limitations associated with utilizing this effect in a planar-

semiconductor microcavity. Our experimental measxirements of the cingulaxly re

solved spontaneous emission spectra and the external QEs from several microcavi-

ties reveal inherent loss mechanisms that may limit the practical usefulness of this 

phenomenon. .Although at least one of these losses may be eliminated through ju

dicious growth techniques, the fact that ESERCSM can occur at large angles may, 

ironically, ultimately limit the external QE of such devices. 
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Figure 4.1: Experimental setup to measure the spectrally-resolved angular distri
bution of spontaneous emission from semiconductor micrccavities. 

4.2 Angular distribution of spontaneous emission 

The experiment shown in Figure 4.1 consists of collecting emission from a 

nonresonantly-excited microcavity. The pump source is a Ti:sapphire laser which is 

tuned to the first transmission window (reflectivity minimiun) just above the stop 

band of the microcavity (« 810 nm in the microcavities described here). Using a 

l O X / 0 . 2 5  N . A .  m i c r o s c o p e  o b j e c t i v e ,  t h e  p u m p  b e a j n  i s  f o c u s e d  t o  a  6  —  7 s p o t  

on the bottom (substrate side) of the microcavity. Emission from the top (growth 

side) of the sample is collected from a solid angle of ~ x 10~^5r and focused onto 
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a single-mode fiber. Both the collection lens and the fiber are mounted on a rotat

ing base which pivots about the position of the sample so that emission into any 

angle within the plane of rotation can be measured. The fiber throughput is then 

focused into a scanning spectrometer with subnanometer resolution. The output 

signal is amplified by a Hamamatsu R943-02 photomultiplier tube and measured 

using lock-in techniques. 

The first measurements were taken using one of Jin's samples which was de

scribed above. The top mirror of this microcavity was chemically etched away on 

one side of the sample. Thus the microcavity has a complete 27.5 period top mirror 

on half of the sample, but less than 20% of the top mirror remains on the other 

half. By doing this. Jin was able to directly compare the lifetimes of carriers in the 

same bulk-Ga.As layer with a complete microcavity and with a partial top mirror 

only a few mm away [7]. Using this sample allowed us to compare the angularly 

resolved spectra in a similax fashion. 

The solid lines in Figure 4.2 clearly show the effect of beaconing at the cavity 

resonance for five external angles when the high-reflectivity top mirror is intact. In 

contrast, the dotted line shows the emission spectra when appro.ximately 80% of 

the top mirror has been etched away. From these data, it appears that beaconing is 

still very effective even out to dext = 30", although it is not nearly as prominent as 

in the normal direction. As is increased, the spectral peak of the emission shifts 

to shorter wavelengths due to the cos{6int) dependence of the resonance wavelength, 

as is seen in the Fabry-Perot formula: 

2(«e//)(4//)cos(0,„f) =mA (4.1) 

where {neff){dcff) is the effective optical path length of the cavity, 0,„f is the inter

nal angle with respect to the normal, and m is an integer. The reduced amplitude 
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Figure 4.2: Emission spectra at external angles 0^ from a sample with a high-
finesse (i.e. R > 99.9%) microcavity (solid line) on one side and 80% of the top 
mirror etched away (dotted line) on the other side. The right side shows the same 
data after rescaling the intensity axis. 
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of the spontaneous emission at laxger angles is due in part to the decreasing finesse 

of the cavity. While the data from this sample provide a qualitative picture of how 

ESERCSM affects the angtdarly dependent emission spectra of a microcavitv, it is 

important to note that based on our measurements of other samples, the magnitude 

of the emission from the etched side of this sample is much lower than expected at 

all angles. We have concluded that the low emission is most likely due to scattering 

from surface roughness caused by the etching process. 

In order to derive a more quantitative understanding of how ESERCSM affects 

the spatial and spectral output of semiconductor microcavities. three scimples with 

different top mirror reflectivities were grown. Rather than etching away a portion of 

the top mirror, the reflectivity was altered by simply varying the number of periods 

in the mirror layers. The first sample, referred to as ESERCSM3. is almost identical 

to Jin's microcavity that was studied above. It consists of a 100-nm bulk-Ga.As 

layer centered in a IA Alo^GoosAs spacer between high reflectivity {R > 99.9%) 

22-period (top) and 28.o-period (bottom) Alo^Gao^rAs/AlAs mirrors. The cavity 

spacer is grown such that the Fabry-Perot peak in the normal direction is at about 

867 nm. nearly coinciding with the peak of the photoluminescence (PL) spectrum 

from room-temperature bulk GaAs as shown in Figure 4.3a. 

Figure 4.4 shows the spectrally resolved emission of ESERCSM3 into external 

angles 6ext for a carrier density of ~ 10^® cm .\s the carrier density was varied 

from ~ 10^' cm~^ up to lasing threshold, our measurements showed that only 

the absolute magnitude of the data changed and not the relative size or spectral 

shape. Even with the pump above lasing threshold, the spectral shape of the 

spontaneous emission at angles far from normal does not change. .A.s dext increases 

from 0°, the amplitude of the emission peak decreases due to the decreasing finesse 

of the off-normal "cavity" and the changing overlap between the cavity resonance 
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Figure 4.3: Calculated reflectivity spectrum of ESERCSM3 microcavity (solid 
line) along with the room-temperature photoluminescence spectrum of bulk GaAs 
(dashed line) a) in the normal direction from the microcavity and b) at an external 
angle of 70". Parts c) and d) show the corresponding spectra for a microcavity 
whose resonance is asjnnmetric within the stop band. 

and the bulk-Ga.4s PL spectnmi. Figure 4.3b shows that for Oext = 70" there are 

significantly fewer carriers available for emission at the resonance wavelength which 

is appro.ximately 833 nm. 

In order to compare the total emission into various angles, it is important to 

realize that for a given angle, Oext- only emission at o = 0 is measured (i.e. within 

the solid angle defined by the collection lens that is centered at (0ext,O)); see the 

inset of Figure 4.4. Obviously emission occurs at all angles as is illustrated in 

the inset of Figure 4.5. So in order to compajre emission into different angles, the 
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Figure 4.4: .\iigularly resolved emissioa spectra for a high-finesse (R > 99.9%) 
microcavity. (NOTE: The pump power is ~ 200% of that used in Figure 4.2). 

area of the annulus that is created by rotating the solid angle subtended by the 

collection lens over 0 < o < 2ff is calculated for each angle dext and divided by 

the area of the collection lens. The angulaxly resolved emission spectra shown in 

Figure 4.4 are then multiplied by this normalized area. By doing this, it is possible 

to directly compare the intensity emitted in the normal direction to that coming 

out at laxger angles. 

Figure 4.5 shows that the intensity at the cavity resonaxice integrated over the 

annular ring centered at an angle 6ext peaJcs at about 18", dropping in half at about 

•5° and 40°. However, at larger angles a significant portion of the total emission 

is not at the cavity resonance but at longer wavelengths. Figure 4.3b shows that 
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Figure 4.5: Distribution of emission spectra into ein armulus subtended by Oext for 
a high-finesse {R > 99.9%) microcavity. 

at 70" the stop band of the mirrors is shifted allowing the bulk-Ga.4s PL to "leak 

out" through the transmission window. For this sample, the cavity resonance in 

the norma] direction is centered in the stop band, as is typical in semiconductor 

micrccavities. Figiure 4.3c shows a theoretical microcavity with the cavity resonance 

positioned asymmetrically within the stop band. In this case. Figure 4.3d shows 

the passband does not overlap the PL curve at large angles, thus eliminating this 

loss mechanism, .\nother possible solution would be to use materials with larger 

index contrast for the DBR mirror layers to increase the width of the stop band. 

The next two samples ESERCSM6 and ESERCSM5 have top(bottom) mirror 

reflectivities of 92%(99%) and 6o%(99%), respectively. These samples vvere grown 
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Figure 4.6: Distribution of emission spectra into an annulus subtended by Oat for 
microcavities a) ESERCSM6 with Rtop = 92% and b) ESERCSMo with Rtop = 65%. 

identically to ESERCSM3 except that the number of periods in the top/bottom 

DBR mirrors was reduced to 8/17.5 for ESERCSM6 and 3/17.5 for ESERCSM5. 

The angularly-resolved integrated emission spectra from both are shown in Figure 

4.6. Here the arbitrary intensity units used in both a) and b) of this figure are 

consistent with those used in Figure 4.5. 

The spectra appear similar to that for the higher reflectivity sample, although 

the emission peaJss are broader due to the lower finesse of the cavity. .Additionally, 

the lower finesse seems to reduce the losses associated with the shifting stop band. 
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However, the most unexpected difference in the emission properties of these samples 

is the magnitude of the spontaneous emission from the two lower reflectivity samples 

compared to that of ESERCSM3. It is clear from the data that both ESERCSM6 

(Rtor — 92%) and ESERCSM5 {Rtop — 65%) have a much larger total emission in 

the forward direction. 

4.3 Quantum eflEciencies of microcavities 

The large magnitude of the emission from the two lower reflectivity samples 

was a surprise. Based on Jin's findings [7] we had expected that an increase in 

the spontaneous emission decay rate which results from higher reflectivity mirrors 

would lead to higher eflSciencies. In fact, however, the measured external QE of 

ESERCSM3 pumping below the transparency density is •C 1% compared to 3.47% 

and 2.94% for ESERCSM6 and ESERCSMo respectively. 

The QE is determined by 

Q E  = (4-2) 
^absf ^^abs 

where Pse is the measured power emitted in the forward direction at frequency ujse 

and Pabs is the absorbed power at frequency uJabs- The emitted power is measured 

from a cone angle of about 70" from the top of the microcavity. The absorbed 

power is calculated from 

Pabs = Pinc{l-R-T) (4.3) 

where P,„c is the incident power, and R  and T  are the measured reflectance and 

transmittance respectively. We have assmned that scattering losses aJid absorption 

in layers other thaji the active bulk-GaAs layer axe insignificant. 

The low QE for the high reflectivity ESERCSM3 is at least in paxt due to the 

increased losses into the so-ccJled leaky waveguide modes [49. 58, 63]. Emission 
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into these modes propagates in the plane of the bnlk-GaAs layer and is either 

reabsorbed, lost to the substrate, or emitted out the edge. In addition, photon 

reabsorption becomes more import«mt because of the increased photon lifetime in 

the cavity. Reabsorption tends to lower the QE out the top of the microcavity 

because it favors laxger 6int for which the mirror transmission is higher. 

.Another cause of the relatively low QE of ESERCSM3 may be the ESERCSM 

effect itself. In the high reflectivity microcavity. ESERCSM3, Figure 4.5 shows that 

beaconing still remciins weakly effective at angles approaching the critical angle 

9int ci; 16° (which corresponds to = 90"). The full-width at half-maximum 

(FWHM) of -300-A' bulk-Ga.45 PL is about .36 nm. so the carrier distribution 

extends beyond the q corresponding to the critical angle. It is therefore plausible 

that the finesse is still high enough for ESERCSM to be effective at intracavity 

angles larger than the critical angle. Such enhanced emission would be totally 

internally reflected, resulting in a lower QE out the top of the microcavity. Because 

of the enormous solid angle available this could be a significant effect. 

4.4 Conclusion 

.Angularly resolved emission spectra reveal that ESERCSM in a semiconductor 

microcavity is still effective at off-normal intracavity angles approaching the critical 

angle. In a high-finesse microcavity with the normal mode approximately centered 

at the peak of the PL spectra of a bulk-GaAs active region, most of the power 

emitted at the cavity resonance is emitted at an angle Oen ^ 18°. Losses due to 

the overlap of the buIk-Ga^s PL spectrum with the edge of the cavity's stop band 

at large angles are significant but may potentially be eliminated with asymmetric 

Fabry-Perot cavities. In order to model the angular distribution, the current theory 

combining beaconing into a single cavity mode and ultrafast carrier-carrier Coulomb 
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scattering coupling cill caxrier-momentum states to that cavity mode [62] must be 

expanded by calculating the photon density of states for the full three-dimensional 

planar cavity and combining that with the quantum kinetic analysis. 

Quantimi efficiency measurements show that the high reflectivity mirrors neces

sary to maximize the spontaneous emission decay rate result in lower total emission 

in the forward direction. Losses due to the shifting stop band, leaky waveguide 

modes, and reabsorption become more pronounced with higher finesse and limit 

the useful output in the forward direction. In addition. ESERCSM at intemai an

gles greater than the critical angle may also be responsible for lowering the useful 

emission out the top of the microcavity. 
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CHAPTER 5 

High-gain wavefront amplification near 589 nm by the 

three-photon effect 

o.l [ntroduction 

Two-beam energy-transfer techniques have previously been used to achieve lairge 

amplification of a weak-optical field interacting with a strongly-driven system of 

sodium atoms. One such, mechanism known as the three-photon effect occurs at 

the Rabi-sideband resonance of sodium near 589 nm [64] and can result in signifi

cant amplification of a weak-probe beam [12. 65]. This process is unusual among 

optical-energy coupling schemes in that it can produce very high gain that can be 

sustained continuously with only modest pump power. Utilizing this technique to 

amplify weak wavefronts could prove invaluable in applications such as astronomical 

adaptive imaging. 

Sodium-wavelength light plays a key role in adaptive imaging of celestial ob

jects. .A. technique known zis artificial guidestar uses aji intense laser beam at 

588.997 nm. which corresponds to the sodium D2 resonance, to excite naturally oc

curring sodium atoms in the upper atmosphere[66, 67]. The laser beam is focused 

in the mesosphere aiong the path from the object of interest to the telescope. The 

excited atoms fluoresce producing a reference wavefront that copropagates with the 

image-bearing wavefront to the ejirth-based telescope. Because the distance to the 

earth's surface is about 10 km, this "guidestar" can be considered a point source 

producing a perfectly spherical wavefront which is subsequently distorted by tur

bulence in the atmosphere. By analyzing this reference wavefront, adaptive optical 
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techniques can remove the turbulence-induced aberrations from the image-bearing 

wavefront. 

Current research experiments using the artificial guidestar technique are severely 

limited by the inherently weak intensity of the fluorescence at the earth-based wave-

front sensor [67]. This results from the small nimaber density of sodium atoms in the 

mesosphere. the small solid angle subtended by the receiver, and the limited laser 

power available at the sodium wavelength, -•\mplification of the weak-reference 

wavefront could dramatically enhance adaptive imaging capabilities while mini

mizing costly Iciser requirements. Here we demonstrate amplification of a weak-

wavefront at the Rabi-sideband of the sodium resonance via the three-photon 

effect. E.xperimentally. we have achieved single-pass, weak-field amplification of 

375 with only 800 mW of cw pump power. 

5.2 Physics of the three-photon effect 

Theoretically, the three-photon effect is very similar to the phenomenon of 

vacuum-field Rabi splitting (VRS) that was discussed in Chapter 2. In both cases, 

the modification of the atom's energy-level structure results in a multiple-peaked 

emission spectrum. Sanchez-Mondragon et al. have described the theoretical tran

sition from the two-peaked emission spectrum zissociated with VRS, where the 

external field is negligible, to the three-peaked ac-Stark fluorescence spectrum as

sociated with an intense external field [17]. It is important to understand that in 

VRS the atom is strongly coupled to the cavity mode, and the coupling strength, 

go defined in Equation 2.1, is independent of the external field. In contrast, the 

three-photon effect occurs with an intense external field in a weakly coupled system 

where qq approaches zero [68]. Under these conditions, the so-called dressed-atom 

picture can be used to describe this energy-transfer technique. 
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Figure 5.1: (a) The modified energy-level structure of a two-level atom due to a 
relatively weak, near-resonant pump field, (b) For sufficiently intense pumping, the 
splitting is modified by the ac-Stark effect. Note the detiming A and therefore the 
generalized Rabi frequency CI' are negative, (c) The three-photon effect involves si
multaneous absorption of two pump photons and emission of a photon at frequency 
n' -1- Vpump and allows a probe beam at this frequency to experience gain. 

The atomic energy-level structure of sodium can be treated as a ~two-level" 

atom as long as the linewidth of the excitation field is naxrow and nearly resonant 

with two isolated energy levels [69]. Figiure 5.1(a) shows a two-level system with 

ground state |a) and excited state |6). A relatively weak-laser field at frequency 

i^pump is tuned near resonance with the atomic transition at frequency fja. Virtual 

energy levels are created by the field-atom interaction if the magnitude of the 

field-resonance detuning, A = i/jmmp — Ha? is much less than the atomic transition 
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frequeacy, jA] « Uha [70]. These axe shown by the dashed lines in part (a) for 

the case of A < 0. If the excitation is sufficiently intense, the energy levels of the 

two-level atom cire dramatically altered by the ac-Stark effect [18, 19], as depicted 

in Figure o.l(b). The modified energy-level diagram consists of two pairs of energy 

levels, each separated by the generalized Rabi frequency: 

n' = Av/nM^. (5.1) 

The on-resonance Rabi frequency is given by. 

fi = (5.2) 
h 

where jj-^b is the atomic dipole-matrix element. El is the laser field amplitude, and 

h is Planck's constajit. The splitting occurs such that the lowermost and uppermost 

states of each pair are separated by the photon frequency Vpump-

The three-photon effect is a process where two photons from the intense pump 

field are absorbed and simultaneously a third photon at frequency Of -h i/p^mp is 

emitted leaving the atom in the uppermost Stark-shifted state. For our experiment 

the detiming A and therefore the generalized Rabi frequency fl' are negative, and 

hence the emitted photon is at a lower frequency than the incident pump light. 

This process, shown in Figiire 5.1 (c), can be stimulated by a weaJc-probe field at 

frequency Uprobe = Cl' + i/pump- In. analogy to ordinary stimulated emission, the 

photon emitted at frequency Q.' + Upump adds coherently to the incident probe field 

leading to amplification or gain. Amplification by the stimulated three-photon 

effect was predicted theoretically by Mollow[64] and demonstrated experimentally 

by VVu et al. using a sodiimi atomic beam[71]. Gnmeisen et ai demonstrated that 

high number densities achievable in a sodium vapor cell can lead to large single-pass 

amplification even in the presence of atomic motion[12]. 
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For a given Rabi frequency, which is determined by the pump intensity, there 

are four independent parameters that must be optimized in order to majcimize the 

three-photon amplification: the number density of sodiimi atoms, the pump field 

detuning from resonance, the probe-pxmap detiming, and the dipole dephasing time 

(which is dependent on the number density of both sodium and foreign buffer gas 

atoms). Following the works of Gnmeisen et ai [12] and Khitrova et a/.[72], we 

numerically integrated the absorption coeflScient experienced by a weak-probe field 

in a strongly driven, homogeneously broadened collection of two-level atoms over 

the \'Ia.Kwell-Boltzmann distribution of atomic velocities. The computer model, 

which is given in Appendix B, is used to evaluate the large parameter space of the 

experiment and to optimize the system for maximum amplification. 

•5.3 .Amplification of a weak-probe beam 

The e.xperimental setup used to measure the amplification of a weak-probe beam 

is shown in Figure 5.2. 13 argon-ion laser drives a frequency-stabilized ring dye 

laser to generate the TEMqo pump beam for the experiment. The frequency of the 

dye laser is scanned over a 30GHz range near the Z^Si/2 — ^^P3/2 atomic transition 

in sodium. .A. 10% reflectivity beam splitter (BS) diverts a smaJl portion of the 

pump beam through a high-frequency traveling-wave acousto-optic (a-o) deflector; 

this secondary beam serves as the probe. In order to achieve the appropriate 

frequency shift for optimum three-photon gain as determined by the computer 

modeling, the deflector driver is set to about 1.5 GHz. (Note that the maximvmi 

frequency for our a-o driver is approximately '2.0 GHz). The probe is then reflected 

back through the a-o deflector where it is shifted in frequency a second time. By 

double-passing the probe through the a-o deflector, it's frequency is downshifted 
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Figure 5.2: Experimental setup for measurement of thxee-photon gain. 

by about Z.QGHz relative to the pump. i.e. i/probe — i^pump — —Z.OGHz: the probe-

pump detuning can then be adjusted experimentally to achieve maximum gain. 

Next, the probe beam is chopped at 40 kHz with a second a-o deflector to allow 

detection using a lock-in amplifier. Lock-in detection improves the signal-to-noise 

(S/N) ratio which is otherwise severely degraded due to scattered piunp light. This 

problem is compoimded by self-defocusing which occiirs on the low-frequency side 

of resonance. 

The sodium vapor cell consists of a stainless steel cylinder with a sidearm reser

voir that holds the sodium metal. The cylinder is sealed with zero-degree-oriented 

sapphire windows whose separation yields a 7 mm interaction length. In order to 
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eliminate convective cooling which causes sodium to condense on the cell windows, 

the entire cell is enclosed in a vacuum chamber. This arrangement also minimizes 

vvavefront aberrations introduced by convective turbulence near the heated sodium 

cell. Sodium metal in the sidearm reservoir is heated up to about 270° C. which 

residts in a number density inside the cell of approximately 7 x atoms/cc. The 

sapphire windows are kept above 400° C to help prevent sodium condensation. 

The pump and probe beams are brought to a common focus within the 7 mm 

interaction region inside the sodium cell. Both beams are poleirized vertically, 

perpendicxilar to the propagation plane, and intersect at a crossing angle of ap

proximately one degree. In order to confine the probe beam to the central region of 

the pump beam, the pump and probe are focused at //290 and //oG respectively. 

This would produce spot diameters of about 342 /zm for the pump and 66 /xm for 

the probe in the absence of self-defocusing, allowing the entire transverse profile 

of the probe beam to experience a nearly uniform field throughout the interaction 

region. .-Vfter the sodium cell the probe power is measured using a photodiode 

and a lock-in amplifier. While measuring the power, the spatial alignment of the 

pump beam, the probe-pump detuning, and the temperature of the vapor cell are 

all adjusted in order to maximize the gain. 

Figure 5.3 shows the measured transmission of the probe beam, normalized to 

the unamplified transmission, as a function of the detuning of the probe from the 

D2 resonance, 5 = I'probe — i^o, where i/q is the frequency associated with the F=2 

hyperfine ground-state component of the D2 resonance. For this measurement, 

the probe-pimip detuning is set at —2.98 GHz, and the frequency of the dye leiser 

is scanned about the low-frequency side of resonance. The largest amplification 

occurs with a focused intensity (ignoring lensing effects of the sodium vapor) of 

870 W/cm} and a reservoir temperature of Trea = 270° C. These values correspond 
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Figure 5.3; Normalized transmission of a weaJc-probe beam interacting witii a 
strongly driven system of sodium atoms near the D2{F = 2) resonance. 

to a Rabi frequency of = 2.6 G H z  and a dipole dephasing time, in the absence of 

buffer gas, of T2 = 24 ns. The resulting probe intensity is 375-fold larger than the 

unamplified probe, nearly 10 times the amplification seen in previous works [12]. 

5.4 Conclusion 

Our experimental investigations have demonstrated significant amplification of a 

weak-probe beam interacting with a strongly driven system of sodium atoms by the 

three-photon effect. Such a technique could prove useful in amplifying weak wave-

fronts at sodium wavelengths. Specifically, inherently-weak reference wavefronts 
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generated from axtificial "guidestaxs" could be significantly zimplified, eliminating 

a major obstacle in astronomical adaptive imaging. While these preliminary results 

are promising, there are some significant issues that must be addressed. 

Preservation of the wavefront is absolutely necessary if this process is to be 

used in adaptive imaging applications. Unfortunately, we were not successful in 

measuring wavefront characteristics of the amplified beaxa: scattered pump light 

made it difficult to isolate the amplified wavefront. Theoretically, spectral filtering 

techniques could be implemented to filter out the scattered pump since it is at 

a slightly higher frequency. Then the effect of the amplification process on the 

wavefront could be studied, including degradation of both the S/N due to quantum 

effects [73] and the wavefront fidelity. However, rather than pursuing this further, 

we instead chose to look at an entirely different physical mechanism for amplifying 

the weak-probe beam. This energy-coupling method is described in the next chapter 

and makes separation of the pump and probe beams trivial. 
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CHAPTER 6 

Phase-preserving wavefront amplification near 590 nm by 

stimulated Raman scattering 

6.1 Introductioa 

Astronomical adaptive imaging requires phaise mecisurements of weak-reference 

wavefronts to chaxacterize and compensate for distortions caused by turbulence in 

the earth's atmosphere. Conventional amplification methods which rely on elec

tronic amplification of the image intensity distribution do not preserve the phase 

information contained in the image wavefront, and therefore cannot be used in 

applications such as adaptive imaging. In principle, stimulated nonlinear optical 

processes such as stimulated Raman scattering (SRS) and three-photon amplifi

cation caxi amplify weak-optical fields while preserving phase. In practice, this 

requires operating in the undepleted pump regime, maintaining constant amplifi

cation of all Fourier components of the weak field, and avoiding phase distortions 

due to thermal or self-focusing effects. In the last chapter, very laxge amplification 

of a weak-optical field by the three-photon effect Weis demonstrated. Unfortunately 

scattered pump light, which proved extremely difficidt to filter, always obscured 

the amplified wavefront. 

Here we demonstrate a technique for weak-field amplification which exhibits high 

gain near the sodium resonance, preserves the wavefront phase characteristics, 

and is sustainable with low-power continuous-wave pumping. The technique is 

SRS from the 3^5i/2 ground-state hyperfine levels of atomic sodium [74, 13]. The 

interaction geometry consists of a TEMoo pump beam interacting with a weak, 
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orthogonally polarized probe beam tuned near the Di resonance in atomic sodiimi 

vapor. In contrast to three-photon gain, isolation of the amplified probe is trivial 

because the largest amplification occurs with the probe orthogonally polaxized to 

the pump [75]. Weak-field gain and phase preservation axe demonstrated with 

TEMoo probe beams. Single-pass amplification of nearly 400-fold is achieved with 

only 800 mW of pump power [76]. In addition, amplification of a more complex 

wavefroQt is demonstrated using a weak image-bearing probe. 

6.2 VVavefront preserving amplification 

Raman Stokes scattering in sodium vapor occurs when an e.xtemaJ field is tuned 

just below the sodium Di resonance. Figure 6.1 shows a simplified energy-level 

diagram including the hyperfine structure of the sodium Di transition where Uq is 

the frequency associated with the F = 2 ground-state component. Raman scatter

ing takes place through a virtual level created by the atom-field interaction. If the 

pump source is sufficiently intense, a highly efficient stimulated version of Raman 

scattering can occur [70]. When the system is seeded with a weak probe at the 

Stokes-shifted frequency, the probe can experience significant gain. 

The experimental setup used to amplify a weak-probe beam by SRS is shown 

in Figure 6.2. A 13 I'V argon-ion laser drives a frequency-stabilized ring dye laser 

to generate the TEMoo pump beam. The frequency of the dye laser, fpump, is 

scanned over an 18 GHz range just below the 3^5i/2 ~ atomic transition 

in sodium. 10% reflectivity beam splitter (BS) diverts a small portion of the 

pump beam through a high-frequency traveling-wave acousto-optic (a-o) deflector 

to generate a probe beam with the appropriate frequency shift for Stokes scattering 

from the sodium ground-state hyperfine levels. The deflector driver is timed to the 

frequency of the ground-state hyperfine splitting for sodium, and the a-o deflector 
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Figure 6.1: Simplified energy-level diagram showing the hyperfine structure of the 
sodium Di resonance along with pump and probe energies. The dashed line repre
sents a virtual level created by the atom-field interaction. 
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Figure 6.2: Experimental layout for weak-field wavefront-preserving amplification 
via stimulated Raman scattering. 

is aligned to produce diffracted light that is downward shifted in frequency. Thus, 

t h e  p r o b e - p u m p  d e t u n i n g  i s  U p r o b e  —  i ^ p u m p  —  — 1 - 7 7  G H z .  

The Stokes-shifted probe beam is spatially filtered, recollimated, and passed 

through a half-wave plate oriented to rotate the probe-wave polarization 90° relative 

to the pump. Polarizing the weak-probe field orthogonal to the pump field yields 

large Raman gain[75] and greatly simplifies the task of isolating the amplified probe 

from the scattered pump light. Next, both the pump and probe beams are brought 

to a common focus in a sodiiun vapor cell, where they intersect at a crossing angle 

of approximately one degree. The pump and probe are focused at //107 axid //56 

respectively. In the absence of self-defocusing, this produces a spot diameter of 
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about 126 fitn for the pump and 66 nm for the probe, thus confining the probe 

wavefront to the central region of the pump. The corresponding peaic intensity for 

the pump beam is about 13 kWlcm^ 

The sodium vapor cell is the same one that was used in the three-photon exper

iment described in the last chapter. Again, in order to minimize wavefront aberra

tions caused by convective turbulence near the heated sodiiun cell, the entire cell is 

enclosed in a vacuum chamber. This dso prevents sodimn from condensing on the 

cell windows. For this experiment, the sodium in the sidearm reservoir is heated to 

about 300° C. resulting in a nimiber density of approximately 2.3 x lO^"* atoms/cc. 

The sapphire windows are heated above 400" C to further reduce sodium conden

sation. 

The probe beam power is measured after the sodium cell using a fast photodiode 

and a lock-in amplifier. In order to remain in the undepleted pump regime, neutral 

density (nd) filters are placed in the probe beam before the cell. With the nd 

filters in place, the power of the probe beam entering the cell is about 5 nW. 

The 800 mW pump beam is then aligned spatially to achieve maximum gain in 

the probe. Figure 6.3 shows the measured probe-beam transmission normalized 

to the unamplified transmission as a function of detiming, 5 = Uprobe — fo- The 

normalized transmission peaks at 396 corresponding to an amplified probe-beam 

power of 1.98 mW. The Doppler-broadened absorption profile of the Di resonance 

is also shown in Figure 6.3. For this trace, the temperature of the sodium reservoir 

is lowered to about 200° C in order to resolve the F = 1 and F = 2 ground-state 

hyperfine structure. 

In order to minimize phase distortions, the entire transverse cross-section of 

the probe must experience uniform dispersion within the sodium vapor. This is 

achieved by confining the probe to the central region of the pump and focusing the 
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Figure 6.3: Normalized transmission of the probe beam measured as a function of 
detuning, Uprobe — i^o-, where Uq is the frequency of the Di{F = 2) atomic transition 
in sodium. .A.lso shown is the Doppler-broadened absorption spectrum taJcen at a 
lower temperature where the ground-state hyperfine structure of the Di resonance 
is resolved. 

pump to sufficiently high intensity to produce uniform saturation of the sodium 

vapor refractive index. Gruneisen has estimated the degree of saturation of the 

refractive index by considering the interaction of the pmnp beam with the F=2 

ground-state zero-velocity group [77]. The satiu^ation intensity is given in cgs units 

by the expression [70] 

^ STi^pfiT^ (6.1) 
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where A = u-purnp — t^o is the pump-becun detuning from the F=2 ground-state zero-

velocity resonance, fx = 6.38 x 10"'® is the dipole moment, Ti = 16 ns 

is the population relaxation time, and T2 is the dipole dephasing time. .A.t 300° C 

the calculated collisional dephasing time is T2 = 15.2 ns [78]. .A.t the peak of 

the gain curve A ~ —1.48 GHz. Using this value for the detuning results in a 

calculated saturation intensity of Is = 270 W/crn^. Hence the estimated peak 

intensity for the pump beam assuming no self-defocusing, IZkW/crn}. is almost 50 

times the saturation intensity. .A. more complete treatment of saturated cross-phase 

modulation requires calculating the dispersive response of the sodium atom to the 

weak-probe field at Uprobe in. the presence of a strong-pump field at frequency i/pamp 

and integrating this result over the thermal distribution of atomic resonances. Such 

calculations are currently being performed by Gruneisen [77|. 

The phase preserving characteristics of the Raman gain process can be evaluated 

by interfering the amplified probe wave with a reference plane wave derived from 

the probe beam prior to the sodium cell as shown in Figure 6.2. Interferograms 

are captured and stored using a charge-injection-device (CID) camera and frame 

grabber system. Figure 6.4(a) shows a baseline inteferogram of the unamplified 

probe wavefront. In this case the pump beam is blocked, and the nd filters are 

removed in order to provide adequate signal to the camera ajid equalize the probe 

and reference intensities for maximum fringe visibility. The slight curvature of the 

fringes shows less than one-half wave of residuai aberrations due to the cell windows 

and focusing and coUimating optics. In a practical application such residual aber

rations could be removed by the adaptive imaging process. Figure 6.4(b) shows the 

amplified wavefront interferogram taken under the conditions for maximum gain, 

i.e. at the peak of the gain curve in Figure 6.3. Here both beams are attenuated 

to minimize saturation of the camera. Note that due to the spatial dependence of 
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Figure 6.4: Interferograms of the probe wavefroat interfered with a reference wave-
front. (a) Pump beam is blocked and there is no amplification of the probe, (b) 
Pump bectm is introduced, resulting in a 400-fold amplification of the probe beam. 

the pump-beam intensity and consequently the stimulated Raman gain, the beam 

diameters appear smaller than in Figure 6.4a, indicating that the gain is not uni

form across the entire transverse profile. However, the straight line fringes indicate 

that self-defocusing and convective turbulence have been successfully minimized. 

6.3 Image amplification 

In order to demonstrate image amplification, the beam splitter and chopper are 

removed ajid a resolution bar chart is inserted in their place. The amplified bax 

chart is imaged on the CID camera. Figure 6.5 shows a sequence of photographs 
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Figure 6.5: Image of transparency as the dye laser frequency is scanned along the 
l o w  f r e q u e n c y  e d g e  o f  t h e  g a i n  c u r v e ,  ( a )  A m p l i f i e d  i m a g e  e x i s t s  a b o u t  — 1 5 0  M H z  
f r o m  t h e  p e a k  o f  t h e  g a i n  c u r v e ,  ( b )  C o n t r a s t  r e v e r s a l  o c c u r s  a b o u t  — 5 0  M H z  
from the gain curve peak, (c) Image is washed out at the peak of the gain curve, 
where the gain is measured to be about 160-fold. 

taken as the dye laser is scanned along the Raman gain profile. In paxt (a) the 

probe is detuned approximately 150 MHz to the low frequency side of the Raman 

gain peak. In this case the image features are preserved and the image intensity 

is amplified approximately 125-fold. Note that the degree of amplification is less 

than that achieved with a Gaussian probe beam as indicated in Figure 6.3. The 

reduction in gain occurs due to the spatial distribution of Fourier components 

about the Gaussian pumping beam. Next in part (b) the image-bearing probe 

field is detuned about 50 MHz to the low firequency side of the Raman gain peak. 

At this detuning, the image undergoes an abrupt and complete contrast reversal. 
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The image of the transparency changes from bright bars on a black background to 

black bars on a bright background. Here the measured amplification in intensity 

is about loO-fold. Finally, part (c) shows the image at the peaJc of the gain curve, 

where the measured transmission is about 160 times the unamplified transmission. 

Here the image is washed out completely. When taking the image in part (c), nd 

filters were put in place to insure that the Ceimera was not simply saturating. The 

behaviors observed in parts (b) and (c) are the result of the spatial distribution 

of the Fourier components in the gain medium. One possible explanation of the 

contrast reversal involves the creation of second-order Stokes from the dc-Fourier 

component. However, further studies are necessary to understand these curious 

effects. 

6.4 Conclusion 

Our experimental investigations have demonstrated high-gain phase-preserving 

amplification of a weak TEMqo wavefront by stimulated Raman scattering in a 

strongly driven sodium vapor. .Additional measurements show that an image-

bearing wavefront can also be successfully amplified using this effect. In order 

to implement this technique in astronomical adaptive imaging, the frequency of 

the fluorescent reference wavefront would have to be shifted to match the peak of 

the gain curve. In principle, this could be accomplished using an a-o deflector, 

in the same manner used to generate the probe beam in this experiment. The 

wavefront could then be amplified using the stimulated Raman scattering process 

described above. .\s we have shown, if overlap with the pump beam is maintained, 

this process does not distort the phase of the wavefront and therefore could be used 

to amplify the inherently weaJc reference beacon in astronomical adaptive imaging. 
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Appendix A 

Sample Descriptions 

The semiconductor microcavities studied as part of this work were grown by 

Gaiina Khitrova and Hyatt M. Gibbs at the Optical Sciences Center. University 

of Arizona. .A.11 samples were grown by molecular beam epitaxy (MBE) using a 

Riber model 32P system with the following cells: two aluminum, one arsenic, one 

gallium, zmd one indium. The microcavities were grown on undoped [100] GaAs 

substrates from Sumitomo. The following tables contain a brief description of each 

sample studied as part of this work. 

S.-\.\IPLE S.A.-\IPLE T\TE S-A.MPLE DESCRIPTION-

XMC20 Microcavity for 
N'MC studies 

19 periods top/ 21.5 periods bottom A/4 AlAs/GaAs 
mirrors with 99.94% calculated reflectivity. Two QVVs 
(parameters are given below for sample N-MC21) are 
grown in the antinodes of a 3A/2 GaAs spacer. 

.\MC21 QW sample 20 individual 80 A thick Ino^caGaosrAs QWs with 920 
Ga-45 barriers. .A. 90 sec growth interuption was in
troduced before each QW. The el-hhl exciton absorp
t i o n  p e a k  i s  a t  8 3 4 . 4  n m  ( 1 . 4 8 6  e V ]  a n d  h a s  a  0 . 6 4  n m  
( 1 . 1  m e V )  F W T I M  a t  4  K .  

X.\IC22 Microcavity for 
N'MC studies 

14 periods top/ 16.5 periods bottom A/4 AlAs/GaAs 
mirrors with 99.6% ccilculated reflectivity. Two QVV's (pa
rameters Eire given above for sample N-MC21) are grown 
in the antinodes of a 3A/2 Ga.43 spacer. 

Table .A..1; Description of semiconductor samples studied in this work. 
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SAMPLE SAMPLE T\TE SAMPLE DESCRIPTION 

.\MC2S Microcavity for 
N'MC studies 

10 periods top/ 12.5 periods bottom A/4 AlAs/GaAs 
mirrors with 97.7% calculated reflectivity. One 80.4 thick 
[noMGaQ_s4As QW is grown at the center of a A Ga.45 
spacer. 

SEL6 Microcavity for 
ESSERCSM 
studies 

22 periods top/ 27.5 periods bottom A/4 
AlojiGaosAs/AlAs mirrors with >99.9% calculated re
flectivity. .A. 100 nm-thick bulk-Ga.45 layer is grown at 
the center of a A .4/ojGao.7-'l-s spacer. 

ESERCSM3 Microcavity for 
ESSERCSM 
studies 

22 periods top/ 28.5 periods bottom A/4 
AlojiGaosAs/AlAs mirrors with >99.9% calculated re
flectivity. .A. 100 nm-thick bulk-(7a.45 layer is grown at 
the center of a A AlojiGao^As spacer. 

ESERCSMo Microcavity for 
ESSERCSM 
studies 

3 periods top/ 17.5 periods bottom A/4 
AlojGaosAs/AlAs mirrors with 65% (99%) reflectivity 
for the top (bottom) mirror. .A. 100 nm-thick bulk-(?a.45 
layer is grown at the center of a A AlajGao -As spacer. 

ESERCSM6 Microcavity for 
ESSERCSM 
studies 

8 periods top/ 17.5 periods bottom A/4 
AlojGao.rAs/AlAs mirrors with 92% (99%) reflectivity 
for the top (bottom) mirror. .A 100 nm-thick bulk-(7a.45 
layer is grown at the center of a A .4/ojG-ao.7.43 spacer. 

Table A.2: Description of semiconductor samples studied in this work. 
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Appendix B 

Three-photon gain calculation 

The three-photoa amplification experiment has four independent parameters. 

In order to help evaluate and optimize the experiment, the following FORTRAN 

program was written on an HP Workstation. The program calculates the three-

photon gain in sodium vapor due to the interaction of a strong-pump beam and 

a weak-probe beam. The gain experienced by the probe is calcxilated based on 

two-level atom theory, which is then integrated over a two-dimensional gaussian 

distribution of velocities. The programs input variables : pump intensity, cell 

temperature, crossing angle, and pump detuning are all experimentally measurable. 

Thus, results can be directly applied to the experiment. Hundreds of variations 

were studied, and the optimum values were simply used as a starting point for the 

experiment. All parameters were then varied during the experiment in order to 

optimize the three-photon gain. 

Main Program 

c"'"""' Variable declarations integer j,k.l 
real"'4 xl.x2,x3,x4,x5 
realm's pi,hbar,kb,c,No 
reaps Naa,Nad,Nanat,Naself,lam,mass,mu,Tl,Int,tempK 
realm's expon.alphaOl 
realms delta,press,N,Naiiom,T2,T2star,Isat,omega 
realms Det,deltaGz,intgrl,dx,dkvz,dkvy,kVz,kVy,theta 
real*8 absorp 
common/aO / omega,T 1 ,T2,t heta 

Constants 
pi=4.dO''datau( l.dO) 



hbar=L06cl-27 
kb=1.38d-16 
c=2.99dl0 
No=2.69dl9 

parameters 
Naa=r2423.3d0 
Nad=17.3914d0 
Nanat=9.9d6 
Naself=L28dl2 
lam=.589.0d-7 
mass=3.82d-23 
mu=-6.38d-lS 
Tl=16.0d-9 

Read in variables """"" 
print" 
print".'Input pump beam intensity (VF/cm^): 
read(o.°')xl 
Int=dble(xl) 
print".'Input cell temp (Kelvin): 
read(.5.")x2 
tempK=dble(x2) 
print",'Input crossing angle in degrees: 
read(.5,").x3 
theta=pi"dble(x3)/180.d0 
print",' Enter Pimip Detuning (GHz) ' 
read(5,")x4 
Det=dble(x4)''l.d9"2.d0"pi 
print*,'Input majc probe/pump detuning (GHz) 
read(o.")x5 
delta=-dble(x5)"l.d9"2.d0"pi 
print".' theta: '.theta 

c""**" Number density of sodium atoms 
press=dexp((-Naa/tempK)+Nad) 
N=9.66084dl8*press/tempK 
print",' Number density (atoms/cm3): ',N 

c"""*" Homogeneous linewidth ***** 
Nahom=Nanat+Naself*(N/No) 



Dipole dephasing time T2 
T2=1.0d0/(pi*Nahom) 
print",' T2/T1: ',T2/T1 

^jcxjcxjc gaturation intensity with zero pimip/resonance detmiing 
Isat=l.d-7*c*hbax*hbar/(8.0d0*pi''mu*mu*Tl*T2) 
prinf.' Saturation intensity {Wjcw})-. \Isat 

c''*"'"' Rabi frequency with zero pump/resonance detuning ****'= 
omega=dsqrt (Int / (Isat''Tl*T2)) 

c*""""" Effective Doppler dephasing time T2* ="**** 
T2star=Iam/(2.dO*pi)''dsqrt(mass/(2.dO*kb''tempK)) 

print"/ T2 '.T2 
print".' T2" ',T2star 
print".* oraega"T2: '.omega"T2 
print".* Det"T2: *,Det"T2 
print".* delta"T2: *,deIta"T2 
c "" Includes L = 0.5 cm "" 
alpha01=2.0d0"pi"pi"N"mu"mu/(hbar"Iam) 
print".' alphaOI"T2: \alpha0l*T2 

c""""" Scanning copropagating probe 
open(unit=I,file='plot.dat',status='old',form=Tormatted') 
dx=-delta"2.d0/800.d0 
dkvz=.5.d0/(T2star*o00.d0) 
dkvy=dkvz 
c""*"" Loop for pump-resonance detuning Det 
do 800 j=L800 
intgrl=0.0d0 
k Vy=-2.5d0/T2star 
c"**"" Loop for y-component of thermal velocity ***** 
do 300 k=l,100 " 
kVz=-3.d0/T2star 
c""*"" Loop for z-component of thermal velocity ***** 
do 200 1=1,100 
expon=dexp(-kVz"kVz"T2star*T2star) 
inc=absorp( Det ,delta,k Vy,k Vz) *dkvz*expon 
intgrl=intgrl-f-inc*dkvy*dexp(-kVy*kVy*T2star*T2star) 
kVz=kVz+dkvz 
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200 continue 
kVy=kVy+<lkvy 
300 continue 
intgrl=dexp(-2.d0*aJpha01*T2stax''T2steir/pi*intgrl) 
deltaGz=delta*Ld-9/(2.d0''pi) 
vvTite( L700)deltaGz,intgrl 
700 fonnat(lH ,1X,G14.7,5X,G14.7) 
delta=delta+dx 
print''.j 
800 continue 
print*.' done' 
close(unit=l) 
stop 
end 

PujictJon for the absorption of pump for pump and probe 
c""""" at a fixed freq 
recil^S function absorp(Det.delta.kVy,kVz) 
complex* 16 i.numl.nuni2,denl.den2 
realms wdc,vvdcn,wdcd,Detun,T2,omega,Tl.Det 
realms pi.N.mu.hbar,lam,pmpprb,theta,kVz,kV'y,delta 
common/a0/omega,Tl,T2,pi,N.mu,hbar,lam,theta 

i=(0.0d0,1.0d0) 
cx.^,. NOTE: kVz=lkl"Vz and kVy=Lkl*Vy 
Detun=Det-kVz 
pmpprb=delta+kVz*(l.dO-dcos(theta))-kVy*dsin(theta) 
wdcn=-L0d0"(1.0d0+(Detun"T2*Detun''T2)) 
\vdcd=1 .OdO+(Det un"'T2*Detun''T2)+(omega*omega*T 1 ''T2) 
wdc=wdcn/wdcd 

[jjiaginary part of single atom absorption 
numl=(pmpprb+i/Tl)''(pmpprb-Detun+i/T2)*(Detim-i/T2) 
num2=(omega*omega*pmpprb/2.0d0) 
denl=(pmpprb+i/Tl)*(Detun+pmpprb+i/T2)*(pmpprb-Detun+i/T2) 
den2=(omega'°omega*(pmpprb+i/T2)) 
absorp=wdc*dimag{ (num l-num2) / ((Det un-i/T2) * (den l-den2))) 
return 
end 
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