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Chapter 8

Experimental methods

Abstract

This chapter provides more details on the experimental meth-

ods used in this thesis. In particular the preparation of the

sample, the two different home-built microscopes used and

the technique of differential transmission spectroscopy.
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Figure 8.1: ELO procedure. Step 1, the pen is attached to the film by the

adhesive strength of the wax. Step 2, the film is removed from its host substrate

by etching the epitaxial boundary layer in between. Step 3, the bottom surface

of the film in cleaned from any residues left after etching and pressed onto its

new substrate of choice. Step 4, the pen is detached by melting the wax. Step

5, all residues of wax are dissolved and the film and substrate are cleaned.

8.1 Sample preparation

The sample is grown by molecular beam epithaxy* as a 10 µm thick layer

on top of a GaAs substrate, with an AlAs spacer layer in between. The

10 µm thick layer contains the precisely controlled doping concentration.

We have several 2 inch wafers in stock with varying doping concentration,

the sample described in this work caries the label W13640 and has a silicon

doping concentration of approximately 3× 1013 cm−3. This concentration

was deduced from measurements of the sample’s optical density as the

concentration is too low to detect by electrical Hall-voltage measurement

[1]. To be able to perform transmission measurement on the epitaxial

layer, it is transfered to a transparent substrate using an epitaxial lift-off

technique as described in Fig. 8.1. As a new substrate we use sapphire,

which is transparent at the wavelengths we use in measurement and has

good thermal conductivity to prevent heating of the sample. The sapphire

is wedged, meaning that the surfaces are not parallel, preventing Fabry-

Perrot type interference. The essence of the lift-off process is that the

film is separated from its original substrate be a wet chemical hydrofluoric

*Wafer produced by D. Reuter and A.D. Wieck at Ruhr University of Bochum
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acid etch with dissolves the AlAs spacer layer. Then it is transfered to

the new substrate to which it binds by van-der-Waals force. To preform

this transfer in a controlled manner we temporarily glue the film to the

tip of a teflon pen for better handling in the intermediate process. An

optical microscope picture showing four ELO films prepared for measure-

ment. The top two and lower left samples had already survived several

measurement cycles at the time the photo was taken. In the middle of the

top two there are either cracks or debris visible. It is not certain whether

these are cracks arising from strain that develops during the large temper-

ature changes that the samples undergo or from the microscope objective

touching and damaging the film when attempting to focus. The second

option is more likely because the lower left sample has also been cooled

down to liquid helium temperature and does not show this damage. The

lower right sample was not yet used for measurements. When loaded into

the cryogenic microscope it is still possible to asses which regions on the

sample are best suited for measurement. The selected regions should be

free of damage and debris and show good adhesion to the sapphire sub-

strate. The technique for this is demonstrated and displayed in Figure 8.8.

The lift-off procedure is adapted from [2]. For details on the particular

recipe used see Appendix A.

8.2 Polarization maintaining fiber microscope

To perform the measurements described in chapters 3, 6 and 7 we use a

home-built microscope. A schematic of the microscope is shown in Fig.

8.3 and the setup is described in more detail in [3]. The setup allows

light from two lasers to be guided to the sample space by a polarization

maintaining fiber, where it is focussed on the sample. The minimum spot

size that can be achieved is 2 µm. Directly behind the sample is a silicon

PIN photodiode that converts light transmitted by the sample to a current,

which is amplified immediately outside of the cryostat and directed to a

lock-in amplifier. The sample is inside a helium bath cryostat and inside

a superconducting magnet which can generate a magnetic field of up to

10 T. An XYZ piezo nanopositioning stage is used to move the sample

through the laser spot to adjust focus and position.
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Figure 8.2: Photo of four prepared GaAs ELO films on sapphire. For scale:

the top right film is approximately 2-by-2 mm2. The top two films had already

been used for measurements and have either damage or debris at their centers.

The lower left film has also been used but does not have this. The lower right

film was prepared recently before the photo was taken and had not been used

for measurement yet.

8.3 Multi-fiber microscope

For the measurements in chapter 5 a microscope that incorporates three

optical fibers is used. One (polarization maintaining) fiber is used to

guide light to the sample and two multimode fibers are used to extract

light from the setup after it has passed through the sample. A wire grid

polarizer is present inside the microscope, behind the sample, to separate

light of orthogonal, linear polarizations and direct it to either of the output

fibers. This section contains a description and permormance analysis of

this setup.
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Figure 8.3: Schematic of the experimental setup. Excitation light of two

tunable lasers is coupled into a polarization-preserving fiber-based beam splitter

and one of the outputs is connected to the fiber that runs to the microscope.

This fiber delivers excitation light to the sample, which is mounted on an XYZ-

stack of piezo-motors. The sample position can be tuned to be in or out of the

focal spot of the two-lens microscope. The microscope is mounted in a tube,

which is vacuum pumped and immersed in a Helium bath (4.2 K) or used in a

dilution refrigerator. A superconducting coil provides magnetic fields up to 9 T.

A silicon PIN photodetector is positioned right behind the sample for detection

of the optical transmission. Both the sample and the detector are mounted

on a copper sample holder. The second output of the beam splitter is coupled

to a photodetector for monitoring the optical powers. Signals that come from

reflection off the sample, as well as emission by the sample, retraces the optical

path through the fiber. After passing the beam splitter is can be diverted to

a regular photodetector, or to a spectrometer. Inset: microscope components

mounted on the copper frame that forms the cold finger.



112 Chapter 8 - Experimental methods

8.3.1 Design and construction

The three fiber coupled confocal microscope is a compact instrument

where two microscope objectives are aligned along one axis (Fig. 8.4).

S- and/or P-polarized light is guided to the sample using an input fiber

and attached to an input confocal microscope. In the sample space the

light polarizations are designated relative to the direction of the applied

magnetic field as H- and V-polarization (V is parallel to the external mag-

netic field). It is desirable to collect a maximum amount of the light that

has passed through the sample, this is achieved by implementing an out-

put confocal microscope axially aligned to the light propagation direction

of the input confocal microscope. The output microscope has larger lenses

as compared to the lenses of the input microscope. It has two output fibers

with a polarization filter between them to separate H- and V-polarizations

and guide them to different fibers. This setup can be used at room tem-

perature as well as at cryogenic temperature measurements.

Experimental requirements set a technological challenge to make a set-

up which can sustain the temperature of liquid helium in a bath cryostat.

Along with that, there is the challenge of having a magnetic field as high

as 9 T. Hence required is a non-magnetic material to engineer the setup,

which can sustain low temperature and can fit inside the super-conducting

magnet bore of 5 cm diameter. The microscope is designed in such a

way that if it is required, it can be easily disassembled and reassembled.

To minimize the stray reflections and secure the dipstick cone from any

damages Vespel, a plastic commonly used in space technology, is used for

the body of the coupled confocal microscope. Vespel also allows to clamp

the optical elements with low possibility of damaging it. The optical

elements are selected for wavelengths near 820 nm since the entire set-up

is devoted to the spectroscopy on the shallow donors in GaAs.

8.3.2 Input part

To send polarized light in, we use a PANDA-type polarization maintaining

single mode fiber with numerical aperture of 0.13 and diameter of 5 µm. In-

tentionally designed birefringence of this fiber prevents crosstalk between

two modes of orthogonal linear polarization, it maintains the polarization
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Figure 8.4: Schematic of the three-fiber microscope. The single mode polar-

ization maintaining fiber, mirror and a set of aspheric lenses form the input part

of the set-up. It is followed by sample space where the laser light is focused. The

sample space is 5 mm. Samples are placed on a copper cold finger which is at-

tached to XYZ piezo motors to for 3D positioning of the sample with nanometer

precision. The next pair of aspheric lenses form a second confocal microscope

which contains a wire grid polarizer to separate H- and V-polarizations and

send it into two multi-mode fibers which guide the light out of the cryostat.

even in the presence of magnetic fields. The polarization robustness is

tested and confirmed to be maintained up to 9 T of magnetic field [3].

The light propagation direction out of the polarization maintaining fiber

(Fig. 8.4) is altered by 90◦ using a mirror (Thorlabs MRA05−E02) to en-

sure the experiment is performed in the Voigt geometry. The light coming

out of the fiber is divergent and is subsequently collimated by an aspheric

lens of 1.5 mm clear aperture having 5 mm focal length (Thorlabs 350430)

with numerical aperture of 0.15. The light is focused on the sample us-

ing a lens with focal length 1.45 mm and with numerical aperture 0.55

(Thorlabs 350140).

8.3.3 The sample space and the holder

The sample space is after the input microscope and is 5 mm long(Fig. 8.4).

The samples are adhered on sapphire substrate. The sapphire is mounted

on the copper cold finger using silver paint to facilitate heat conduction



114 Chapter 8 - Experimental methods

away from the sample. The copper cold finger is attached on piezo stages

(Attocube anc120) for precise control over XYZ positioning. The detailed

explanation of selecting a spot on the sample, aligning the focus and the

minimum spot size analysis are explained in earlier work [3] which used

an equivalent input part for the microscope.

8.3.4 Output part

The light which passes through or is emitted by the sample is further

collected and collimated using an aspheric lens of clear aperture of 4.95 mm

having focal length 4.51 mm with numerical aperture of 0.55. The second

lens is an aspheric lens with focal length of 13.86 mm and clear aperture of

5.1 mm to focus the collimated light on the core of the multi-mode fibers

which guide the collected light out of the cryostat (Fig. 8.4).

It is desired to separate linear H- and V-polarization in Voigt geometry

for the experiments. To achieve it, a wire grid polarization (WGP) beam

splitter (Edmund Optics #48-544), consisting of silver wires on 700 µm

thick Corning 1737F glass with refractive index 1.51 is placed below the

two output fibers, on top of a mirror (Thorlabs MRA05-E02). An anal-

ysis of reflection and transmission of light from the grating is done to

determine the optimum orientation of the WGP. For this it should be

taken into account that the incoming V-polarized light is P-type (paral-

lel) with respect to the plane of reflection, and similarly H translates to

S-type (’senkrecht’, i.e. perpendicular). The WGP is coated on one side

with antireflection coating for the wavelengths between 420 nm to 670 nm

to minimize Fabry-Pérot effect for the two different polarizations. This

means at the operating wavelengths in the present setup, the Fabry-Pérot

effect is present more (at 820 nm) than the specified values for the wave-

length range specified on the manufacturers’ data sheet. The WGP is

placed in such a way that H-(S-)polarized light will be reflected from the

WGP and V-(P-)polarized light will be transmitted through the WGP

surface (twice, once again after it reflects off the mirror). Once again all

elements are fixed in Vespel to avoid any damage to optical elements as a

consequence of deformations by large temperature changes.

Excitation and scattered light from the focal volume of the output part
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of the microscope is directed towards the output fibers via the WGP. H-

polarized light is reflected from the surface of the WGP and is collected

in the first multi-mode fiber (OZ Optics, partnr. VAC-01-V-QMMJ-3,

XF-IRVIS-1000/1100-3- 6.6, 1.4:AR2). The part of the light which is

transmitted through the WGP is focused into second multi-mode fiber

(OZ Optics, same partnr.) to collect V-polarized light (Fig. 8.4).

8.3.5 Performance

To study the performance, experiments were carried out with and without

a sample at room temperature as well as at 4.2 K. It includes checks on

output stability as a function of time as well as wavelength, the fidelity of

polarization separation in the two output channels and spectroscopy on

an n-GaAs film.

8.3.6 Two channel output stability

The stability of the output intensity is important for sensitive quantum

optics experiments to be performed in the future. The output stability

was monitored as a function of time for both the output channels. During

this experiment polarization mixing is also observed. It can be seen in

the Fig. 8.5. H-polarized light was sent in the setup, the Fig. 8.5 shows

stability of H-polarized light coming out of H and Voutput channels by

the purple and the cyan colours respectively. The V-channel shows traces

of the H-polarized light. Similarly, V-polarized light was sent in the setup

and two output channels were monitored. The stability of the V-polarized

light steered out of the H- and V-polarized output is shown by the red and

the blue colour respectively. It also reflects some trace of V polarized light

out of the H-polarized channle output. This experiment was performed

at 4.2 K and the output was normalized. There was no sample present in

the laser sample space.

At 4.2 K, the output of the two channels is compared as a function of

wavelengths (Fig. 8.6). For the same wavelength range the polarization

was altered to check the output. It is clear that the coupling of light in

both the channels is different. For the transmitted light from the glass
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Figure 8.5: The figure shows the output stability of H- and V-polarization

output as a funciton of time. H-polarized light is sent in the setup and detected

at the two outputs. The H-polarized light reflected from the grating is shown

in purple. The other channel for the V-polarized light transmitted from the

grating is showing some trace of the H-polarized light and is shown in light

blue. When V-polarized light is sent in, the V-polarized channel output is

shown by the blue colour. The H-channel is giving out traces of V-polarized

light is shown in the red colour.

plate (V-polarized), it is expected to have Fabry-Pérot pattern and can

be seen by the trace in the blue colour. ForH-polarized light this would

not be expected strongly since this should re ect from the grating and not

enter the plate. There is some interconnection between Fabry-Pérot and

output of the two channels. The pattern is out of phase between the two

channels.

8.3.7 Two channel polarization separation

The polarization separation was also checked in the two channels. The H-

and V-polarization was first fixed on the table and it is recorded at the end

of the input channel as a pure H- and V-polarization respectively. These
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Figure 8.6: The output of the H(blue)- and V(red)-polarization channels is

shown as a function of the wavelength. It shows out of phase Fabry-Pérot

oscillations from the two different output channels.

are the only two stable polarizations as a function of time which a single

mode fiber can carry. The lambda plate reading on the table was recorded

and labeled stable angles. These stable angles are shown in the Fig. 8.7 by

vertical black lines separated by 90◦. The lambda plate is rotated in the

steps of a few degrees over the entire range and output of both the chan-

nels is recorded. The output showed out of the phase relation to in the

output intensity. This experiment was performed at room temperature

(Fig. 8.7 (a)) as well as at 4.2 K (Fig. 8.7 (b)). The outcome of the exper-

iment was very similar. It is plotted by normalizing it with respect to the

intensity of the input light as well as with respect to the two polarization

output channels. Fits are used to find the maxima and the minima from

the recorded data. The two measure differences are observed at 4.2 K as

compared to the room temperature. First, the amount of light coupled at

4.2 K is 10 times less as compared to the room temperature. It happens

due to the contraction of all the setup at low temperature which is causing

alignment errors. Second, the difference in stable angle versus detected
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Figure 8.7: (a) Polarization separation in the channels. Normalized intensity

output from the two different multi-mode fiber output channels as a function

of input polarization angle at room temperature. (b) Normalized intensity

output from two different multi-mode fiber output channels as a function of

input polarization angle at 4.2 K.

absolute polarization maxima has increased a lot. At room temeprature

this difference is 4◦ (Fig. 8.7 (a)). At low temperature it changes and be-

comes 14◦ (Fig. 8.7 (b)). The speculation is that the temperature gradient

along the input channel can cause the change in the polarization or ellip-

ticity of the light at the end of the channel. The performance is further

studied by executing measurements on a sample. We work with ultra-pure

n-GaAs which is intentionally very low doped. The doping concentration

is below 3× 1013 cm−3. This is 10 µm thick n-GaAs which is grown by

MBE technique on a semi-insulating GaAs substrate. This intentionally

low doped GaAs contains silicon as a donor impurity. At such a low con-

centration donors are well separated. At low temperatures these donors
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Figure 8.8: (a) A 2 dimensional scan of the n-GaAs film. To obtain such an

image, laser wavelength is kept fixed at a wavelength in the transmission window

between Xn=1 and Xn=2 and has maximum transmission. The piezo motors

were scanned to take a transmission image of the entire film. The resolution of

this image is limited by the minimum spot-size of the microscope.

are neutral (unionized) with an extra electron localized at a donor site.

This forms an ensemble of a solid-state version of alkali atoms which is

of interest for quantum optics experiments. The transition from donor-

bound electron D0 to donor-bound exciton D0X [4, 5, 6] is of primary

interest. 10µm thick film is seperated from the substrate using epitaxial

lift off process [2]. The separated film is placed on a sapphire substrate

and adhered with Van der Waal’s forces. Sapphire substrate provides good

transparency near 820 nm wavelength and also provides heat sink to the

GaAs film. A transmission spectroscopy is performed on such a sample.

During the transfer of GaAs film on the sapphire substrate it is pos-

sible to have local strain at a few places within the film. Presence of

strain or stress causes change in the band structure and one should ex-

pect shift and/or broadening of transitions. For experiments we need to

have strain-free part of the film so that from the donor-bound electron to

donor-bound exciton (D0−D0X) transition is narrow with clean selection

rules and they appear at expected energy (frequency).

To find a stress free spot for the experiments a technique is developed.

It is well know from the GaAs spectrum at 4.2 K, that there is a quite

broad transmission between free exciton n = 1 (Xn=1) and free exciton

n = 2 (Xn=2). The well-established effect of stress on exciton transitions
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in GaAs [7, 8] is used to image a sample film. A wavelength having a

maximum transmission at the edge of the transition (Xn=2) is chosen for

the transmission spectroscopy of a GaAs sample. In this spectroscopy the

frequency is kept fixed and the transmission is monitored as a function of

the position on the film. It gives the intensity of transmitted frequency at

each point on the film as shown in the Fig. 8.8. After plotting this data,

the spectroscopy as a function of laser frequency is performed on the region

of maximum transmission. The maximum transmission is shown in the

red colour in the Fig. 8.8. If the film is strained or not properly heat

sinked, then all the transitions are broadened and are shifted towards the

lower frequency side [7]. In these cases the band edge shifts towards the

lower frequency side and it gives bad transmission due to stress effects,

strain effects or heating effects. This method saves a lot of time in finding

a ∼ 10 µm2 spot on a 4 mm2 film which has lowest possible strain.

8.3.8 The transmission spectroscopy

The transmission spectroscopy is performed in details to study the tran-

sitions below the band gap and identify them. In the Fig. 8.9 (a) the

transmission spectroscopy on n-GaAs at 0 T magnetic field is shown. In

this figure we clearly see a very strong transition showing Xn=1. Next to

it the donor-bound exciton transition can be observed. The lowest energy

transition from all the D0−D0X transition is further identified using spec-

troscopic measurements. This transition is used to perform experiments

like Electromagnetically induced transparency [4, 5, 6].

8.3.9 The luminescence spectroscopy

The luminescence spectroscopy is performed to observe GaAs spectral fea-

tures Fig. 8.9 (b). These features are always present below the bandgap

and between the range 815 nm to 825 nm. The principal interest is in the

spectral features which appear due to donor-bound excitonic states. A

sample is illuminated with the excitation light of the energy above the

bandgap using single mode polarization maintaing fiber. The multi-mode
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Figure 8.9: (a) Transmission spectrum of the GaAs film at zero magnetic

field. Above figure shows a transmission spectrum at zero magnetic field which

is collected from the sample. The transitions which are indicated are identified

as D0 − D0X, Free exciton Xn=1.(b) Photoluminescence: The figure shows

photo-luminescence from the n-GaAs film. One can clearly see the features

marked and identified as exciton, neutral donor-bound exciton (D0
1s − D0X),

and (D0
TES−D0X). This spectrum was detected from the channel which collects

V-polarized light.

fiber which gives V-polarized output is aligned with the PI Acton spec-

trometer equipped with liquid nitrogen-cooled CCD camera. In the figure

above a typical spectrum at 0 T can be seen. It shows several features in

the spectral range these are observed and identified as free exciton, neu-

tral donor-bound exciton, ionized donor-bound exciton, acceptor bound

exciton and two electron satellite (TES) [9, 10]

8.4 Differential transmission spectroscopy†

We model a setup where two continuous-wave laser fields co-propagate

through a medium, as shown in Fig. 8.10(a). One field, depicted by its an-

gular frequency ωmod, is undergoing on-off modulation at frequency fmod

by a chopper. The other field, with angular frequency ωc, is not mod-

ulated and hence has a constant intensity. The total transmitted power

is converted into an electrical signal by a linearly behaving photodiode

after the sample. A lock-in amplifier isolates the electrical component at

† This section is based on reference 5 on page 151
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frequency fmod from all other components.

The modulation is orders of magnitude slower than the electronic dy-

namics in the medium and is assumed to have a square on-off envelop.

This leads to two steady-state situations with transmittance T on
ωmod

for the

modulated field and transmittances T on
ωc

and T off
ωc

for the constant field. If

the probed medium has nonlinear components in the susceptibility, i.e.

the susceptibility depends on the presence of laser fields, T on
ωc

and T off
ωc

are

in general not equal. Consequently, the transmittance of the constant field

is time-dependent with frequency fmod in the form of amplitude modula-

tion of its transmission. This transfer of amplitude modulation from one

field to another via the susceptibility will be called cross-modulation, and

the contribution of the constant field to the transmission at frequency fmod

will be called differential transmission. The frequency component at fmod

of the total transmitted power thus consists of two parts and is given by

Pfmod
= Pmod T

on
ωmod︸ ︷︷ ︸

normal transmission

+ Pc(T
on
ωc
− T off

ωc
)︸ ︷︷ ︸

differential transmission

(8.1)

where Pmod (Pc) is the power of the modulated (constant) field, and where

Pmod and Pc are incident on the medium while Pfmod
is measured after the

medium. We will focus on scenarios with Pmod < Pc to ensure a prominent

role for the differential transmission. Figure 8.10(b) illustrates the trans-

mitted power for the individual fields and the total transmitted power,

for qualitatively different levels of cross-modulation. If cross-modulation

is absent, the contribution of differential transmission in Eq. (8.1) is zero,

and the lock-in signal consists purely of the normal transmission of the

modulated field. For increasing levels of cross-modulation, the contribu-

tion of the differential transmission to the lock-in signal increases. When

the differential transmission is larger then the normal transmission, and

of opposite sign (which is the case for lambda systems), the total trans-

mitted power shows a 180◦ phase shift. This shift manifests itself in the

lock-in signal either as a negative signal or a 180◦ phase shift, depending

on lock-in operation settings.

The medium of interest consists of lambda systems, as shown in Fig. 8.10(c).

Two ground states |a〉 and |b〉 have optical transitions to common excited

states |e〉, |e′〉, etc. There is no optical transition between |a〉 and |b〉.
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Figure 8.10: a) Experimental setup for differential transmission spectroscopy.

Two overlapping laser fields, of which one is modulated by a chopper, co-

propagate through the medium. Transmitted light is converted into an electrical

signal by a photodiode. A lock-in amplifier filters out the signal component at

the modulation frequency. b) Schematic illustration of the transmitted power

of both laser fields, and the resulting lock-in signal. Signals are plotted for three

qualitatively different levels of cross-modulation. c) Four-level Λ system with

ground states |a〉 and |b〉 and excited states |e〉 and |e′〉, with optical transitions

from both ground states. The transitions of |a〉 and |b〉 to |e〉 have energies

~ωae and ~ωbe. Population relaxation rates Γij are depicted by curly arrows.

d) The modulated and constant laser, with frequency ωmod and ωc respectively,

couple to the transitions with dipole moment µmod and µc, resulting in Rabi

frequencies Ωmod and Ωc. When lasers only address transitions to |e〉 the sys-

tem behaves as a three-level system. One laser is coupled resonantly, while the

other (in this figure the modulated laser) is scanned over resonance by changing

the detuning ∆.
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Relaxation parameters Γij describe both spontaneous emission rates from

the excited states to the ground states and thermalization of population

in the ground states. Furthermore, all states except |a〉 undergo pure

dephasing γb, γe, etc. For the sake of simplicity, the simulations will be

restricted to three-level lambda systems, without loss of validity.

Differential transmission spectroscopy is modeled with two laser fields

coupled to the optical transitions with transition dipole moments µmod

and µc, see Fig. 8.10(d). One field is held resonant with its transition

frequency, while the other is scanned over the resonance by changing its

detuning ∆. It is assumed that each laser couples only to one transition.

The lasers drive transitions between the levels at Rabi frequencies Ωmod

and Ωc.

The population in |e〉 spontaneously decays to both ground states,

with relaxation rates Γij. Hence, a field present at transition ωae (ωbe) will

effectively pump population to state |b〉 (|a〉), increasing the absorption

coefficient for the field at transition ωbe (ωae). In Eq. (8.1) this results in

the contribution (T on
ωc
−T off

ωc
), which is always negative for lambda systems.

The amount of population pumped from one ground state of the lambda

system to the other depends on the ratio of relaxation coefficients Γea
and Γeb. The relaxation coefficient of a transition is related to its electric

dipole moment by

Γij =
2nω3

ijµ
2
ij

3ε0hc3
(8.2)

where n is the bulk refractive index. The branching ratio Γea/Γeb is given

by

Γea
Γeb

=
ω3
eaµ

2
mod

ω3
ebµ

2
c

≈
(
µmod

µc

)2

, for ωae ≈ ωbe (8.3)

The ratio µmod/µc, which we will call relative dipole moment, is the main

parameter that determines the amount of cross-modulation and differen-

tial transmission.

The transmittances are determined by the imaginary part of the sus-

ceptibility by

T (ω) = exp(−zω
c

Im[χ(ω)]) (8.4)
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where z is the sample thickness and c is the speed of light in vacuum. For

each field χ(ω) is calculated by

χ(ω) =
2Nµ2

ijσij(ω)

ε0~Ω
(8.5)

where N is the number density of lambda systems in the material. The
slowly oscillating part of the transition’s coherence σij is obtained from
the steady-state solution of the master equation for the density operator
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