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A novel femtosecond time-resolved polarimeter for reflective measurements was
developed. The instrument was used with a picosecond Nd:YAG laser and an
advanced femtosecond Ti:Sapphire laser. Sensitivity to pump-induced reflected probe
polarisation rotation of better than 10 radians combined with time resolution up to
70 femtoseconds has been achieved. Time resolution of 30 femtoseconds was
achievable with loss of sensitivity of approximately an order of magnitude. The
polarimeter has been tested in a variety of spectroscopic configurations and with
different types of solids (metals, semiconductors and superconductors) and was found
to be a useful tool for the investigation of the transient nonlinear optical properties
of opaque materials. A new type of optical autocorrelator for measurement of the
duration of femtosecond optical pulses utilizing a reflective polarisation effect in
metallic nickel was designed.

The recently developed spectroscopic polarimetric technique of the Specular Inverse
Faraday effect was for the first time used to study a semimagnetic semiconductor
(Cdy ¢Mny 4Te), a high T, superconductor (YBaCuO, ;) and a ferromagnetic metal
(Ni). The cubic optical nonlinearity (x®;;5,-x¥;,,;) Was measured in these opaque
solids for the first time. In particular, in nickel a strong (x® ~2 10%su) and
exceptionally fast (7 <30 fs) nonlinearity, which is promising for reflective nonlinear
optical applications, was found. The thermalisation and spin-relaxation dynamics in
GaAs were investigated with femtosecond time resolution using Specular Inverse
Faraday effect spectroscopy for the first time.

Investigations were undertaken into natural and light induced reflective anisotropy
in zincblende structure crystals. Transient measurements of induced anisotropy, its
orientation dependence and intensity dependence were made for the first time in
GaAs, InSb and Cdj (Mn, 4Te. Analysis of microscopic and macroscopic pictures of
the light-matter interaction in zincblende structure materials allowed attribution of the
observed anisotropic effects to the phenomenon of natural and induced gyrotropic
linear dichroism.

A computer program based on the quaternion description of light polarisation, the
constitutive equation and the wave equation and suitable for calculation of evolution
of partially polarised light in linear and nonlinear optical media with local and
nonlocal optical response has been developed. The evolution of the polarisation state
of partially polarised light during propagation in an isotropic medium with cubic
nonlinearity has been investigated in detail and compared with published analytical
and semi-analytical data.
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Chapter 1

Introduction

1.1 Optical Polarisation Effects

Optical effects arising from the polarisation properties of light have been known for
over three centuries. Bartholinus observed birefringence in calcite in 1669 and
Huygens discovered the existence of different polarisation states by showing that the
refracted rays from the calcite could be distinguished by passing them through a
second calcite crystal which was rotated about the propagation direction of the ray.
Optical activity (differential absorption and phase retardation of left and right
éircularly polarised waves) was first observed by Arago in 1811. Linear dichroism
was first observed by Biot in 1815. In 1816 Fresnel demonstrated that orthogonally
polarised rays do not interfere, leading Young in 1817 to hypothesise that light is a

s

transverse (rather than longitudinal) wave.

In addition to these natural polarisation effects, the behaviour of light in a medium
may be influenced by an applied field. An electric ficld perpendicular to the
propagation direction may induce birefringence, which may be linear (Pockels effect)
or quadratic (Kerr effect) in field strength. A magnetic field parallel to the direction
of propagation may induce circular birefringence which will cause the plane of
polarisation of a linearly polarised wave to rotate (optical Faraday effect). It should
be noted that this effect is different from conventional optical activity in that it is
nonreciprocal i.e. the rotation is doubled rather than cancelled if the light is reflected

back through the medium.
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In addition to these effects produced by constant applied fields, polarisation changes
can also be induced by excitation of the medium by an oscillating field, such as that
associated with a light wave. This may arise from self-action of a propagating light
wave or the influence of a pump beam on a separate probe beam. The optical Kerr
effect, where a linearly polarised pump induces linear dichroism/birefringence was
observed by Mayer in 1964 [Mayer, 64; Buckingham, 65]. Self-rotation of the
polarisation ellipse was also observed in the same year [Maker, 64]. The inverse
Faraday effect, magnetisation of a medium by a circularly polarised pump [Atkins,68]
was first observed by [Van der Zeil, 65]. The circular birefringence/dichroism of a
linearly polarised pump arising from the inverse Faraday effect was first observed by
[Arutyunyan, 75]. There are also nonlinear effects associated with nonlocality of the
optical response. Intensity dependent change in optical activity has been observed due
to heating of a sample by a pump beam [Vlasov, 71] or by self-heating in a single
beam experiment [Bairamov, 73] and due to electronic nonlinearity [Akhamanov, 79].
Nonlocal terms in the optical response also give rise to intensity dependent linear

birefringence/dichroism in noncentrosymmetric cubic crystals [Kovrighin, 80].

In addition to these transmission effects, there exist analogous linear and nonlinear
effects on reflection. Reflection and transmission effects are closely related
[Bungay,93]. The relationship between observable specular effects and the optical
constants of materials will be discussed in detail in later chapters. The specular
optical Kerr effect, i.e. change in the polarisation state of a reflected probe wave due
io the presence of a linearly polarised pump wave, was observed by [Saiki, 92]. The
Specular Inverse Faraday effect was first observed by [Kuwata, 87]. The phenomenon
of specular optical activity was recently successfully observed for the first time
[Bungay, 93a). The nonlocal effect of linear birefringence/dichroism has also recently
been observed in intensity dependent [Zheludev, 90] and in linear [Bungay, 93b; 94]

experiments.
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1.2  Aims of Thesis

This thesis covers work with four main aims related to polarisation sensitive linear
and nonlinear optics: i) development of a specular pump-probe micropolarimeter with
femtosecond time resolution, ii) investigation of the Specular Inverse Faraday effect
in various materials, iii) experimental investigation and theoretical consideration of
natural and light-induced linear birefringence/dichroism in noncentrosymmetric cubic
crystals, particularly with reference to the time-nonreversible mechanism of the effect,
iv) simulation of the evolution of the polarisation state of partially polarised light

propagating in a nonlinear medium.

1.2.1 Time Resolved Specular Micropolarimetry

A pump-probe specular polarimeter which is sensitive to induced polarisation azimuth
rotation of 1 pradian has been developed from a linear specular polarimeter described
in [Bungay, 93a; 93b]. It was first used in conjunction with a Nd:YAG laser in
experiments described in chapters 3 and 4 of this thesis. The time resolution in these
experiments was limited by the pulse length of the Nd:YAG laser (80 picoseconds).
Another polarimeter of the same design was constructed at about the same time and
used in conjunction with a 2-picosecond pulse length Ti:Sapphire laser in
measurements of the dynamics of the Specular Inverse Faraday effect in GaAs
[Bungay, 94]. Again, time resolution was limited by the pulse length of the laser. In
order to improve the time resolution of the experiments, a femtosecond modelocked
Ti:Sapphire iaser (based on a design kindly provided by M.M.Murnane and
H.C Kapteyn of Washington State University [Murnane, 94]) was constructed for use
with the polarimeter. In experiments using this laser, time resolution was limited by
spreading of the laser pulse due to dispersion in the elements of the polarimeter.
Modifications were made to the design of the polarimeter in order to reduce group
velocity dispersion. With these modifications, the polarimeter achieved a time

resolution of ~ 30 femtoseconds.
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1.2.2 The Specular Inverse Faraday Effect

As a means of studying the nonlinear optical properties of materials, specular
measurements have the advantage that they can be applied to bulk samples of opaque
materials. They have the disadvantage that the small interaction depth means that

specular polarisation effects are generally much smaller than their transmission

analogues.

The first theoretical work on specular pump-probe polarisation phenomena which
addressed the Specular Inverse Faraday Effect (SIFE) was by Golubkov and Makarov
[Golubkov, 90]. A detailed phenomenological theory of the SIFE in media with
instantaneous response was developed by Svirko and Zheludev [Svirko, 94], which
shows how to recover the values of components of the 3rd order degenerate optical
susceptibility tensor x® from the induced change in the polarisation of a reflected
probe beam, and a more general approach to specular polarisation phenomena has
recently been developed by the same authors [Popov, 96]. The Specular Inverse
Faraday effect was first used to observe a resonant nonlinearity by [Kuwata, 87] and
was recently used for the first time to observe nonresonant nonlinearities by
[Popov,94]. The first measurements of the dynamics of the SIFE were made by

[Bungay, 94] with 2 picosecond time resolution.

In this thesis the first measurements of the SIFE in a high T, superconductor
(YBa,Cu;0,;) and a diluted magnetic semiconductor (Cdy ¢Mn, 4Te) are presented.
The relaxation times of the SIFE in the semiconductor GaAs were observed with time
resolution significantly better than in [Bungay, 94] (a microscopic theory of the
dynamics of the SIFE in GaAs is discussed), and the SIFE was observed for the first
time in a ferromagnetic metal (nickel), and was found to be effectively instantaneous

with 32 femtosecond time resolution.
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1.2.3 Natural and Pump-Induced Gyrotropic Linear Dichroism

Polarisation changing optical phenomena have been used as diagnostic tools for the
detection of a variety of symmetry breaking phenomena. An extensive search was
carried out for polarisation azimuth rotation of light interacting with an atomic
vapour, which results from parity violation in the weak force interaction of an optical
electron with the atomic nucleus [Fortson, 84]. There has been considerable interest
in recent years in time-nonreversible optical effects in recent years, particularly with
reference to high-T, superconductors. Several groups have attempted to detect
specular circular dichroism/birefringence in these materials [Lawrence,92;
Spielman,92; Lyons,93], in a search for an optical manifestation of the hypothetical
violation of time-reversality in these materials called for in some theories of the origin
of their superconductivity [Wen, 89; March-Russell, 88]. Other examples of time-
nonreversible optical effects are depolarisation of light scattered by atoms which are
time-non-reversible because they possess electronic angular momentum

[Hamaguchi,80] and antisymmetric Raman scattering [Barron, 82].

In optics, the condition that an interaction is time-reversible imposes certain
restrictions on the allowed components of the optical susceptibilities. Specifically, the

restrictions on the dielectric tensor e and the nonlocality tensor vy are
& = &i » Yk = Y 1.1)

These restrictions are additional to any symmetry restrictions imposed by the material
point group. This means that certain optical effects will only arise if the light-matter

interaction is time-nonreversible.

Recently, Svirko and Zheludev [Svirko, 95] have shown that time-nonreversality is
a general feature of nonlocal light-matter interactions in noncentrosymmetric media.
The time-nonreversible terms arise in particular from the spin-orbit terms in the
crystal Hamiltonian. The Hamiltonian of any unperturbed crystal is symmetrical with

respect to time inversion (T) and space inversion (P). However, in the Hamiltonian
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representing the interaction between the crystal and a light wave, there are terms
arising from the spin orbit interaction and the part of the crystal potential which is an
odd function of coordinate, which are T-odd and P-odd (i.e. they change sign under
either the T or P operations). A possible manifestation of this nonreversality is
gyrotropic linear dichroism/birefringence in cubic crystals. A detailed examination of
gyrotropic linear dichroism in the zincblende semiconductor GaAs has been conducted

by Bungay et.al.[Bungay, 94a; 94b].

In this thesis, observation of this phenomenon is extended to two new materials, and
measurements are described of an intensity dependent effect which is interpreted as
a light-induced modification to the linear effect. The nature of the effect is considered

in terms of the band structure of the materials examined.
1.2.4 Simulation of Evolution of Partially Polarised Light in Nonlinear Media

This work was motivated principally by papers by Zheludev and Svirko
[Svirko,94a;94b], which discussed the use of the evolution of partially polarised light
as a diagnostic of time-reversality violation. Svirko and Zheludev dealt theoretically
with the case of light which is a mixture of a totally polarised component and a totally
unpolarised random component with gaussian statistics. This might represent the
output of a single mode laser operating close to threshold, where the polarisation state
undergoes random fluctuations due to spontaneous emission. In [Svirko, 94a], the use
of partially polarised light in detecting breken time reversibility in linear optical
interaction with solids was discussed. In [Svirko, 94b], the interaction of partially

polarised light with nonlinear media was discussed.

It was considered that a numerical simulation might prove useful in investigating the
behaviour of partially polarised light. A program was written which simulates the
evolution of the polarisation state of partially polarised light in a nonlinear medium
within the scope of the self-action of a single propagating beam. The simulation was

based on the quaternion representation approach [Kubo, 80, 81; Sala, 84,
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Zheludev,90a) and treated partially polarised light by averaging the results of the

propagation of a large number of randomly generated initial polarisation states.

The simulation was applied initially to the case of partially polarised light propagating
in an isotropic nonlinear medium, and results of the numerical simulation were

compared with analytical predictions in [Svirko, 94b].
1.3  Thesis Plan
This thesis consists of 6 chapters.

Chapter 1 is an introduction to the topics dealt with in the thesis and an outline of its

aims.

Chapter 2 describes the principle of operation of the pump-probe polarimeter used in
the experimental work of this thesis, and discusses the modifications made to it in
order to minimize dispersion and hence to obtain the best possible time resolution.
The construction and operation of a femtosecond Ti:Sapphire laser which was used
as the optical source for the polarimeter is also described. Possible sources of noise
limiting the sensitivity of the polarimeter are considered, and the magnitudes of the
various contributions to the noise are investigated. The possible use of the polarimeter
as an autocorrelator, utilizing an ultrafast nonlinear optical response of nickel, is

considered.

Chapter 3 describes investigation of the Specular Inverse Faraday effect (SIFE) in a
variety of materials. The theory of the SIFE in terms of the material tensors in
materials with instantaneous nonlinearity is described. Measurements were made in
the high T, superconductor YBa,Cu;0,; the diluted magnetic semiconductor
Cd, (Mn, ,Te with picosecond time resolution and in GaAs and nickel with

femtosecond time resolution.
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Chapter 4 describes investigation of linear and induced gyrotropic linear dichroism
in several zincblende semiconductors. These effects are interpreted as being the result
of lack of time-reversal symmetry in the interaction of light with non-centrosymmetric

media.

Chapter 5 describes the use of a computer simulation to investigate the evolution of
the polarisation state of partially polarised light during propagation in nonlinear

media.

Chapter 6 consists of a brief summary of the results described in the previous

chapters and a discussion of possible further work.
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Chapter 2

Time Resolved Specular Micropolarimetry

2.1  Synopsis

A pump-probe polarimeter sensitive to polarisation azimuth rotation of 1 pradian and
with femtosecond time resolution is described. An introduction to nonlinear
polarimetry is given in (2.2). The design of the polarimeter is described in (2.3). A
femtosecond modelocked Ti:Sapphire laser constructed for use with the polarimeter
is described in (2.4). Improvements to the time resolution of the polarimeter are
described in (2.5). The use of the polarimeter in pulse duration measurements is
discussed in (2.6). The limits on the polarimeter’s angular sensitivity are discussed
in (2.7).

2.2 Introduction to Polarimetry

A polarimeter is a device which measures the effect of interaction with a sample on
the polarisation state of a light beam [for review see: Hauge, 80]. A polarimeter
requires a light source and a polariser to set the initial polarisation state of the light,
and a second polarising element (the analyzer) and a photodetector to determine the
final polarisation state of the light after interaction with the sample. For a polarimeter
which does not rely on modulation, sensitivity will in general be limited by the
extinction ratio of the polariser/analyzer pair. Dichroic polarisers (e.g. polaroid)
typically'have extinction ratios of ~ 102, and birefringent prism polarisers (e.g. Glan
prisms) have typical extinction ratios of 10, although better values can be achieved

by careful selection of the prisms. The use of harmonic generating crystals as

10
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analyzers can produce extinction ratios of 109 [Saltiel, 87], but this is not likely to

be a generally convenient approach.

The use of modulation techniques allows the sensitivity of polarimeters to be
increased without improving the quality of the polarisers. The desired signal is
extracted at the modulation frequency, and signals at other frequencies (such as the
broad bandwidth noise and the zero frequency signal due to the extinction ratio) are
electronically suppressed, except in a narrow frequency band centred on the
modulation frequency. This means that the extinction ratio is no longer a limitation
on sensitivity, and that detected noise is greatly suppressed. An obvious and widely
used method of modulation is the use of a rotating polarising element [see, for
example: Aspnes, 75; Azzam, 85; Hauge, 75]. However, modulation of the
characteristics of a polarisation element by means of an electrooptical or
magnetooptical effect allows a frequency of modulation much higher than any easily
achievable frequency of rotation of a mechanical modulator. This is advantageous,
since there are some noise sources (e.g. (1/f)-noise, harmonics of mains frequency,
mechanical noise) which become less significant at higher frequencies. Examples of
electronically driven modulators include piezo-birefringent modulators [Martin, 78;
Sato, 81] and modulation of the plane of polarisation of light by means of the optical
Faraday effect. Polarimeters based on Faraday modulators have been used in the
study of intensity beats in radiation from atoms wi£h a split excited state
[Aleksandrov, 65], to study the optical properties of crystals [Becker, 91], and to
search for rotation of light polarisation azimuth due to parity non-conservation in
atomic vapours [Soreide, 76; Baird, 76; Lewis, 77; Fortson, 80; Hollister, 81;
Tregidgo, 86; Macpherson, 87; Taylor, 87; Wolfenden, 90; Edwards, 95]. In the
above work, polarimeters with Faraday modulators have been developed with better

than 107 radian angular sensitivity.

Reflective polarisation measurement techniques have been used in the study of surface
anisotropy [Aspnes, 85; Habraken, 80; Hanekamp, 82; Kotz, 83]. The surface

magneto-optical Kerr effect has been used to measure surface magnetic anisotropy

11
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[Qian, 90; Gudeman, 90; Mulhollan, 91]. Specular (i.e. normal incidence reflection)
polarisation measurements have been made by a number of groups in attempts to
observe the optical manifestation of the broken time reversal symmetry called for by
some theories in the superconducting phase of cuprate materials [Halperin, 89;

Weber, 90; Lawrence, 92; Spielman, 92; Lyons, 93].

A number of groups have attempted to observe the controversial effect of specular
optical activity [Takizawa, 81; Luk’yanov, 90]. The first successful observation of
Specular Optical Activity was made in «-HgS by [Bungay, 93] using a highly
sensitive polarimeter based on a Faraday modulator. The same polarimeter was also
used to observe Specular Gyrotropic Birefringence in GaAs [Bungay, 93a]. The
design of the nonlinear pump-probe polarimeter described below was based on the

linear polarimeter used in these experiments.

Pump-probe techniques are used to investigate the effects of excitation of a medium
by an intense light beam (the pump) by the use of a separate probe beam. Some
pump-probe experiments have been conducted without the use of pulsed lasers
[Weiman, 76; Liao, 77]. However, the use of pulsed lasers not only greatly increases
the available intensity of the excitation, but allows the temporal behaviour of the
material to be monitored, by varying the mutual delay between the pump and probe
pulses. In transmission, pump-probe techniques have been vs;idely used in polarimetry
[Danishevskii, 81; Afanas’ev, 75; Kuwata, 84; Apanasevich, 87; Takeuchi, 90,
Kawazoe, 93]. Pump-probe measurements have also been used to study coherent

interactions of the pump and probe [Kuwata, 86].

Transient pump-probe polarimetric measurements in a reflective geometry include
observation of electron-hole plasmas in Germanium [Austin, 74] and monitoring of
silicon melting by a pulsed excimer laser [Jellison, 85]. Polarisation dependent photo-
reflectivity measurements were used in the first observations of the Specular Inverse
Faraday effect in CuCl and Hgl, [Kuwata, 87] and of the specular Kerr effect in
ZnSe [Saiki, 92]. Pump-probe polarimetry has been used to investigate dynamics of
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the nonlinear nonlocal optical response of dense electron-hole plasmas [Zheludev, 90]
in GaAs, coherent phonon oscillations in GaAs [Cho, 90] and carrier spin relaxation

in quantum wells [Sham, 93; Bar-Ad, 91; Stark, 92].

2.3  Design of Pump-Probe Specular Micropolarimeter

A pump-probe specular polarimeter has been developed from the linear polarimeter
described in [Bungay, 93; 93a). It was first used in conjunction with a Nd: YAG laser
in experiments described in chapters 3 and 4 of this thesis. The time resolution in
these experiments was limited by the pulse length of the Nd:YAG laser (80
picoseconds). A polarimeter of the same design was used in conjunction with a 2
picosecond pulse length Ti:Sapphire laser in measurements of the dynamics of the
Specular Inverse Faraday effect in GaAs [Bungay, 94]. Again, time resolution was
limited by the pulse length of the laser. In order to improve time resolution, a
femtosecond modelocked Ti:Sapphire laser was constructed for use with the
polarimeter (see section 2.4), and modifications were made to the design of the
polarimeter in order to reduce dispersion (see section 2.5). With this arrangement,
a time resolution of ~30 femtoseconds was achieved in some of the experiments
described in chapter 3.

4
2.3.1 Principle of Operation of Specular Micropolarimeter

The polarimeter is designed to measure changes in the polarisation azimuth of a light
wave which occur on reflection from the surface of a sample. In order to understand
the operation of the polarimeter, we will start by describing its use to measure linear
(i.e.intensity independent) polarisation azimuth rotation. The polarimeter is based on
modulation of polarisation azimuth by a Faraday modulator and the use of a
birefringent calcite prism which acts as both polariser and analyzer. Measurement of
polarisation azimuth rotation is by phase sensitive detection at the frequency of
polarisation azimuth modulation of the component of the reflected beam which has

orthogonal polarisation to that initially set by the birefringent prism (figure 2.1).

13
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Input

Output

Figure 2.1 Configuration of the polarimeter for single beam experiments

Figure 2.2 illustrates the principle of operation of the polarimeter. It represents the
transmitted intensity through the analyzer for a polariser/analyzer pair with their
polarisation axes at an angle of 7/2 to one another as a function of the rotation of the
polarisation azimuth of the light between the polariser and analyzer. The polarisation
azimuth rotation of the light which we wish to measure is represented by c. In
addition to the rotation ¢, the polarization azimuth direction is modulated at frequency
Q, by the Faraday cell. In figure 2.2, the magnitude of « is exaggerated with respect
to the magnitude of the modulation for the sake of making the origin of the terms in
the output intensity at frequencies Q; and 2Q; more apparent. If =0, then the
polarisation azimuth angle oscillates about the position of minimum transmission at
frequency ,. Because transmitted intensity is an even function of azimuth angle, it
is modulated at frequency 2Q,. If a0, then polarisation azimuth angle oscillates
about a position other than the position of minimum transmission, and the output
intensity contains a component modulated at frequency ;. Since changes in the
ellipticity of the light wave between the polariser and analyzer do not move one away
from the position of maximum extinction, but merely reduce the extinction ratio, the

polarimeter is sensitive only to polarisation azimuth rotation and not to elliptisation
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Figure 2.2 Illustration of the principle of operation of the polarimeter

of the light.

For a detailed analysis of the expected output of the polarimeter in terms of the
Stokes vector of the light and the Mueller matrices of the optical components, see
[Bungay, 95]. If the light wave is reflected from the sample and the Faraday
modulator alters the polarisation azimuth of the light by an angle ¢=2AcosQ;t
(allowing for the fact that the light wave passes through the modulator twice), then
the intensity of the light transmitted by the analyzer will be:

I
I om=_2_’ [1+h+(h-1)(cos2¢ cos2c:cos2n +sin2¢ sin2a cos2y)] 2.1)
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where I, is the reflected light intensity,  and % are the polarisation azimuth rotation
and elliptisation which occur on reflection from the sample and A4 is the extinction

ratio of the polariser/analyzer pair. For 4, o, 7 <€ 1:
I, = I[-4Aacos() +44 2(1 +c0s(2Q,1)) +h] 2.2)

It can be seen that the transmitted intensity has only one component at the modulation

frequency {2,, which is linearly dependent on o

L,Q) = -44al, (23)

one component at twice the modulation frequency (29;), which is independent of ¢
1,29) = 44%, 2.4
and terms at zero frequency
1,0 = (4A%2+h)I. 2.5

It can be seen that there is no dependence of the output of the polarimeter at
frequency Q; on ellipticity 5. The output of the polarimeter at frequency {; is

sensitive only to polarisation azimuth rotation.

Most of the experimental work described in this thesis concerns nonlinear pump-probe
polarimetry, i.e. changes in the polarisation state of a probe wave induced by a pump
wave. A mode-locked laser acts as the optical source, the light is split into separate
pump and probe beams, and induced polarisation azimuth rotation is measured as a
function of the relative delay between the pump and probe pulses by varying the path
length of one of the pulses. The pump-probe polarimeter operates on similar
principles to the linear polarimeter, but with an additional high intensity pump beam,
coincident on the sample with the probe beam. The pump beam is chopped at a
frequency Q, different from the Faraday modulator frequency ;. This makes it
possible to extract only the polarisation azimuth rotation which is due to the presence

of the pump beam, and neglect any intensity-independent polarisation effects.
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In the presence of a pump beam, there are two components to the polarisation
azimuth rotation «. If the time dependence of the square wave output of the chopped
pump is approximated by %(I+cos(,), then the polarisation azimuth rotation as a

function of time is

a=ay+ .;.a,.,,d(l + cost,f) 2.6)

where «, is the component of polarisation azimuth rotation which is independent of
the pump intensity and ,,=pl,, where p is a constant and /, is the intensity of the
pump beam. Substituting this equation for « into equation (2.2), we obtain the

following formula for the output intensity at frequency (§1;+%Q,)

Loy +) = ALy, 2.7

Detection at the sum-frequency (Q;+4,) is sensitive solely to pump-induced rotation.
2.3.2 Pump-Probe Specular Micropolarimeter for Picosecond Measurements

The nonlinear polarimeter was constructed for use with a frequency doubled mode-
locked CW Nd:YAG laser producing 80 picosecond pulses with 82 MHz repetition

rate at wavelength A = 532 nm as the optical source.

Figure 2.3 is a schematic of the optical components of the polarimeter. All the
mirrors used in the polarimeter are first-surface aluminium mirrors. The laser beam
is split into pump and probe beams by beamsplitter BS. The pump beam intensity is
controlled by variable attenuator VA. The pump arm of the polarimeter consists of
a corner cube reflector attached to a translating mount, allowing a variable optical
delay. The pump and probe beams both pass through the birefringent prism BP,
acquiring identical linear polarisation. The probe beam then passes through the
Faraday modulator FM, which modulates the polarisation azimuth of the light with
frequency ;. The pump beam is chopped at frequency {1,. If the desired polarisation

of the pump beam is different from that of the probe, a waveplate may be inserted
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| oprICAL
CHOPPER DELAY

Figure 2.3 Pump-probe specular polarimeter

to modify its polarisation after it has passed through the birefringent prism BP. The
pump and probe beams are focused by a lens onto the sample. The probe beam strikes
the sample at exactly normal incidence, and the reflected probe retraces its path,
passing through the Faraday modulator FM a second time. The component of the
reflected probe which has the orthogonal polarisation to that originally set by the
prism is isolated by the birefringent prism BP and directed to the photodetector PD-1.
The pump beam strikes the sample at a small angle to the normal, and the reflected
pump beam is blocked close to the sample surface, in order to minimise the amount
of pump light which might leak into PD-1. The intensity of the incident light is
monitored by PD-2, which detects light from the pump beam which is reflected from

one of the faces of the birefringent prism, and the output of PD-1 is normalised

against this.

The pump delay line consists of a glass corner cube retroreflector mounted on a rail
with travel of 45 cm, giving a possible range of mutual pump-probe delay of 3
nanoseconds. The delay line is driven by a stepper motor controlled by a personal
computer. The minimum step length is equivalent to a change of delay of 0.08

picoseconds.
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The birefringent (Cotton) prism BP acts as both polariser and analyzer. This has the
advantage of very good mechanical stability; any movement of the polarisation axis
of the polariser is matched by movement of the analyzer. Another advantage is that
it allows the probe to be exactly normally incident on the sample. The prism was cut
from a calcite crystal with polished faces parallel to the optic axis and internal angle
62°. Ideally, the laser light, which should already have fairly good linear polarisation,
should enter the prism at Brewsters angle (57° for A=>532 nm) to minimise reflection
losses. Due to the birefringence of calcite (An=0.14) the o- and e- polarised rays
emerge from the prism at a mutual angle of ~16°, making it possible to select one
polarisation component. Using a metallic mirror to retroreflect light through the
prism, the extinction ratio of the prism was found to be ~10. In practice,
imperfections in the samples and the other components of the polarimeter limit the

effective extinction ratio to ~5 107,

The Faraday effect is rotation of the polarization azimuth of a light wave passing
through a medium due to a magnetic field applied along the propagation direction of
the light wave. The Faraday modulator FM utilises a ytterbium gallium garnet (TGG)
rod of length 5 mm. TGG has a Verdet constant of 170 radT-'m™! at A=532 nm and
80 radT-!m! at A=810 nm. The faces of the TGG rod are slightly non-parallel in
order to avoid multiple reflections inside the rod. A sinysoidally time-dependent
magnetic field is generated by a coil supplied with an oscillating current, causing the
polarisation azimuth of the light passing through the crystal to be modulated at the
driving frequency ©,. The rotation constant of the coil is 5.7 10> rad mA™! at A=532
nm and 2.7 107 rad mA™! at A=810 &m . The resistance of the coil is small (27 ),
but the inductance of the coil (0.20 L) contributes significantly to the impedance at
the driving frequency of 1.44 KHz (Z=1.8 kQ). In order to be dable to deliver a
sufficiently large driving current, a capacitance is placed in series with the coil,
creating a circuit which is resonant at the driving frequency. The FM modulates the
polarisation azimuth of a beam which passes through it with amplitude 4=5. 1073rad.
Because the probe beam passes through the FM twice, the polarisation azimuth is in

fact modulated with amplitude 24=10"rad.
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The pump and probe beams are focused by a lens to a spot size of ~20 um. The
pump and probe beam are incident on the sample at a mutual angle of ~5°. A 10 um
pinhole on a mount with precise 3-axis translation is used to ensure overlap of the
spots. Using the pinhole and a power meter the focal plane (where the spot size is
smallest) is accurately located. The probe beam is then focused into the pinhole whilst
the pump is blocked, and the pinhole position fixed. The pump beam is then aligned

to the same position with an accuracy of better than 2 pm.
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Figure 2.4 Electronic components of pump-probe polarimeter

Figure 2.4 shows a block diagram of the electronic components of the polarimeter.
The modulation frequencies Q;, {1, are set by the Stanford Résearch chopper, SR590,
which was used to modulate the pump intensity. The chopper disk has two sets of
slots; an inner and an outer ring. The inner ring has 25 slots, while the outer has 30.
Therefore the ratio of chopping speed of the two rings is 5/6. The pump beam passed
through the inner ring, and was chopped at frequency Q,=1200 Hz. The chopper is
designed to output reference signals at the frequency of the inner and outer rings, or
at their sum or difference frequencies. The signal at frequency Q;=1440 Hz from the
chopper was used as a locking frequency for a Kenwood signal generator, which
output a sinusoidal signal to a Rotel RA300 amplifier. The output of the amplifier was
used to drive the Faraday modulator. The output from the chopper at frequency

Q,+9, is sent to the ITHACO 3981 lock-in amplifier as a reference frequency. The
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output of photodetector PD-1 is monitored by phase sensitive detection using to the
ITHACO 3981 lock-in amplifier, which recovers the component of the signal at the

sum frequency Q,+Q,.

The signal from PD-2 is input to the Analogue to Digital Converter which is
incorporated into the lock-in amplifier, and is recorded by the computer and used to
normalise the output of PD-1 against laser power fluctuations. The lock-in signal is

read directly by the personal computer.

To obtain the value of polarisation azimuth rotation, the output of PD-1 is calibrated
against a known rotation. For linear experiments (i.e. with the pump blocked,
measuring at frequency {1,), this requires that a known d.c. current is applied to the
Faraday modulator FM. This is achieved by applying a high resistance source of
known voltage in parallel with the sinusoidal driving current. For nonlinear
experiments, a signal from the Stanford chopper at the chopping frequency Q, is fed
to the Rotel amplifier in parallel with the signal at Q, providing a calibration rotation

of 10”rad at frequency Q,.
2.4 Construction of Femtosecond Modelocked Ti:Sapphire Laser

In order to allow femtosecond time resolution experiments to be performed with the
polarimeter, a Kerr lens modelocked Ti:Sapphire laser was constructed according to
a design kindly provided by M.M.Murnane and H.C.Kapteyn of Washington State

University [Murnane, 94]. The Ti:Sapphire was pumped using an Argon ion laser.
2.4.1 Principles of Operation of Ti:Sapphire Laser

If a laser has a number of lasing modes which maintain a fixed phase relationship to
each other it is said to be modelocked. If modelocking is complete and all the laser
modes are in phase, then the temporal profile of the laser will be the Fourier

transform of its spectral profile, and the laser will produce pulses with a duration 7,
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which is related to the FWHM of the laser spectrum Ay by a factor k£ which depends
only on the pulse shape (e.g. k=0.315 for sech? pulses). If modelocking is incomplete

or there is phase structure across the spectral profile, then the pulses will be longer.

Avt, = k 2.8)

Clearly, a requirement for an ultrafast pulsed laser is that it have a very broad gain
bandwidth. Ti:Sapphire is the most commonly used medium for ultrashort pulsed
lasers. The first Ti:Sapphire laser was built by Moulton in 1982. Not only does
Ti:Sapphire have the broadest bandwidth of any known laser medium, it also has a
very high gain cross-section [Moulton, 86]. The Ti:Sapphire laser is a vibronic solid-
state laser: strong coupling between the vibrational states of the Sapphire host and
electronic states of Titanium ions leads to the broad absorption and emission
linewidths [Moulton, 92].

In order to obtain pulses from a laser, it is necessary to provide a mechanism that
makes the gain of the laser higher for pulsed operation. A review of numerous mode-
locking techniques can be found in [French, 95]. Mode-locking can be performed by
modulating the loss in the cavity via an external signal (active mode-locking). The
most widely used example of this approach is the method which mode-locks the
Nd:YAG laser used in some of the experiments described in this thesis: acousto-optic
modulation. This was the method used to produce the first mode-locked laser
[Hargrove, 64]. Active mode locking methods have the disadvantage that the width
of the modulation is constant and as the pulses become much shorter than the width
of the modulation, the difference in loss between the edges and centre of the pulse
becomes small, and the pulse compressing effect becomes weak. Active mode locking
techniques are generally limited to producing picosecond pulses. Alternately, a mode
locked laser may utilise some nonlinear mechanism in the cavity so that the light
modulates itself (passive mode-locking) with a modulation width which is equal to
that of the pulses. An example of this is the saturable absorber which favours the
transmission of intense light. The shortest pulse length possible depends on the

response time of the absorber; it ceases to be intensity dependent when the pulse
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length is similar to the response time (typically on a picosecond timescale)
[DeMaria,66; Bradley,69], although it is possible to obtain shorter pulse widths than
this by combining a saturable absorber with a saturable amplifier [Ippen, 72].
Alternately, the optical Kerr effect (intensity dependent change in refractive index)
can provide an effectively instantaneous response. The first demonstration of the use
of the Kerr effect to modulate cavity losses (by intensity dependent rotation of plane
of polarisation) was [Dahlstrom, 72]. Cavity losses can also be made dependent on

refractive index through self phase modulation [for example: Mark, 89].

Kerr lens modelocking (KLM), where intensity dependent loss arises from self-
focusing of light due to the intensity dependent refractive index, was first observed
experimentally by [Spence, 91] and used to produce the first Ti:Sapphire laser pulses
shorter than 100 femtoseconds. There results were explained by [Piche, 91]. Intense
light induces a non-linear or Kerr lens. If the cavity has lower loss for a more tightly
focused beam, this favours shorter more intense pulses. This can be arranged by
placing an aperture in the cavity, so that there is lower loss for a narrower beam, or,
if the pump beam waist size is smaller than the laser radiation waist, then the self
focusing improves the overlap between the laser cavity and the pump [Brabec, 92].
This system has been used to produce the shortest pulses ever generated directly in
a laser cavity [Asaki, 93]. Kerr lens modelocking requires high intensities to be
effective. For this reason, KLM lasers are not generally self-starting; fluctuations in
the single wavelength output of the laser are not sufficient to act as seeds to form the
basis of pulses. Numerous methods have been implemented to initiate modelocking
in KLM lasers [Curley, 91; Keller, 91; Spielmann, 91]. A mechanism as simple as
shaking one of the mirrors may be sufficient to start modelocking [Likforman, 91],

and once started the modelocking is self-sustaining.

For pulses much less than ~ 100 femtoseconds in duration, group velocity dispersion
(GVD) is an important factor which broadens pulses by causing the different
frequency components of the pulse to propagate at different speeds. Dispersion is

defined as pulse broadening per unit bandwidth:
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The materials which are generally used in lasers show what is called "normal" or
positive dispersion in the visible/near-IR. That is, they transmit shorter wavelengths
more slowly than longer wavelengths. At 810 nm, the dispersion of a 1 mm thickness
of silica glass is ~35 fs2, while the dispersion of a 5 mm Ti:Sapphire crystal is
~300 fs'2. In order to bring the total dispersion in the laser cavity as close to zero

as possible, some means of introducing "anomalous" dispersion is required.

mirror
\ \]
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Figure 2.5 Use of prisms to introduce anomalous dispersion

This may be achieved by making use of the dispersive qualities of multilayer
dielectric mirrors [DeSilvestri, 84] or using diffraction gratings [Treacy, 69;
Kafka,86]. The most common means of introducing anomalous dispersion is by means
of a sequence of prisms [Martinez, 84; Fork, 84]. The anomalous dispersion is
created by causing the longer wavelengths to travel a greater distance than the shorter
wavelengths. A sequence of 4 prisms can be used to produce anomalous dispersion
while maintaining the spatial profile of the laser beam. Equivalently, retroreflecting
the light after the second prism produces a system of two prisms which has the same
value of total dispersion (figure 2.5). The total dispersion of such a system of prisms
is [Fork, 84]:
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where [ is prism separation and f is the angle between the laser beam as it propagates
between the two prisms and the line joining the vertices of the prisms. The first term
is due to material dispersion and the second due to angular dispersion. The path
length of the light through the prism material is determined by Isin8. In order that the
prisms accommodate the beam, Isin3 must be greater than or approximately equal to
twice the beam diameter, say ~2 mm. This means that the total dispersion of this
prism arrangement becomes negative for silica prisms at A=810 nm for a prism
separation greater than 30 cm. The exact amount of anomalous dispersion may be
controlled in practical situations by adjusting the prism insertion, hence changing the

amount of material dispersion.

Practical limits on laser cavity length place an upper limit on prism separation, and
hence on the amount of dispersion that can be compensated in this manner. Therefore
the amount of material dispersion in the laser cannot be too great, limiting the length

of the lasing medium to a few millimetres.

For very short pulses, even third order dispersion must be considered. A prism
material must be selected whose third order dispersion is su/ch as to counter the third
order dispersion of the rest of the components of the laser. This makes prism
separation a crucial parameter. The amount of third order dispersion will depend on
how far the prism is inserted into the beam, meaning that this parameter is no longer
freely adjustable. There will be some optimum prism separation [ where the correct
prism insertion to compensate the second order dispersion of the laser will match the

prism insertion required to compensate third order dispersion.
For very short pulses (broad bandwidths) there are other considerations which might

limit pulse length, such as nonlinearities in the elements of the laser, but these do not

seem to be the significant limiting factors, even for an 11 femtosecond pulse
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[Asaki,93].

2.4.2 Design of Femtosecond Ti:Sapphire Laser
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Figure 2.6 Ti:Sapphire laser

The Ti:Sapphire was built according to a design kindly provided by M.M.Murnane
and H.C.Kapteyn of Washington State University, U.S.A. [Murnane, 94]. Figure 2.6

is a diagram of the laser, with distances and angles marked.

The laser crystal is a Brewster cut, 5 mm length rod of 0.15% titanium doped
sapphire, which absorbs ~90% of the pump light. The crystal is shorter and more
heavily doped than is usual for Ti:Sapphire lasers, in order to limit dispersion while
allowing high output power. The prisms are made of fused silica, the material being

selected so that the third order dispersion of the prism compensates the third order
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dispersion in the other elements of the laser [Asaki, 93].

The temperature of the Ti:Sapphire crystal is stabilized at 15°C by cooling water from
a reservoir kept at a set temperature. A more precise system of temperature control
using a thermocouple and a water-cooled Peltier cooler attached to the crystal mount
was considered, but the pump system proved to be adequate to maintain stability of
the laser. Since the laboratory is in any case air-conditioned, the cooler does not have

to cope with a wide range of temperatures.

The modelocking is not self-starting. A simple shaker is used to initiate modelocking.
This consists of a solenoid driven by an a.c. supply at ~ 15 Hz, which is glued to the
side of the mount of the mirror M2. The vibrations generated are sufficient to start
the laser modelocking. Since the shaker aiso causes noise on the laser output, it is
switched off once the laser is modelocked. The modelocking of the laser is constantly
monitored by a fast photodetector, into which a fraction of the output beam of the
laser is directed. The output of the detector is fed to a fast oscilloscope, allowing the

user of the laser to monitor the modelocking.

The main cause of loss of modelocking is dust falling into the beam. This is
particularly important near the laser crystal, where the beam is focused to a small
diameter. The optical bench on which the laser (and polarimeter) were constructed
is covered by a clean-air cabinet consisting of a solid roof with plastic curtains. A fan
with a filter in the roof of the enclosure blows dust free air into the enclosure. In
addition, a smaller enclosure with aluminium sides (containing holes for the passage
of the laser and pump laser beams) and a perspex lid covers the crystal, focusing
mirrors, lens and one of the prisms. The cover must be removed and the curtains
rolled back in order to tune the laser, but are put in place when the laser is in use.
With the dust protection in place the laser will remain modelocked without

interruption for several hours at a time.
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2.4.3 Operation of Femtosecond Ti:Sapphire Laser
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Figure 2.7 Modelocked spectra of Ti:Sapphire laser

Initially, the pump laser used with the Ti:Sapphire was a 21 year old Spectra-Physics
Model 171 Argon ion laser. This laser had no feedback system to control beam
position and poor pointing stability. It suffered from long-term drift which had the
effect of causing the Ti:Sapphire to require retuning every few hours of operation.
A custom-made beam-steering system was employed in an attempt to compensate for
beam motion. A small fraction of the pump beam was extracted by a beam splitter
and was incident on a detector consisting of four photodetectors forming the quadrants
of a circle. One of the steering mirrors of the argon ion was mounted on piezoelectric
transducers. The voltage to the transducers was controlled by the output of the
quadrant photodetector. This system reduced the magnitude of fast fluctuations, but

they remained a significant fraction of the beam width. The long term drift was
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corrected more precisely by manually adjusting the steering mirrors so that the
extracted reflection passed through two pinholes separated by a path length of ~3 m.
Another problem with the pump laser was that the mode structure of the beam
deteriorated at high output powers, effectively limiting the pump power to less than

4 W. Eventually this laser failed completely, and a new pump laser was purchased.

The new pump laser was a Spectra-Physics Model 2060, with an internal beam
pointing stabilising system (Beamlok). This gives the laser a beam pointing stability
in beam position of <0.5 pm/°C and in beam direction of <50 prad/°C, making any
deviation of the beam during operation negligible. With this laser the Ti:Sapphire
displays stable modelocking and requires only occasional tuning to maintain the

modelocking regime.

The Ti:Sapphire can produce about 800 mW in single wavelength operation, and
about 600 mW whilst mode-locked, with 4 W pump power. The bandwidth and centre
wavelength of the laser can be adjusted by changing the insertion of the prisms and
retuning of the laser cavity. Fig.2.7 shows some typical spectral profiles for the laser.
With a centre wavelength in the range 800-820 nm, a bandwidth of about 80 nm may
be obtained (figure 2.7a), although the laser was generally operated with a somewhat
lower bandwidth (figure 2.7b). Centre wavelengths ranging from ~ 770 nm to ~ 880
nm (figure 2.7c,d) may be obtained, although the attainable bandwidth becomes
narrow and the modelocking becomes less stable at the extremes of this range.
Assuming transform limited pulses, a bandwidth of 80 nm should allow pulses as
short as 9 femtoseconds to be produced. However, in order to utilise such short
pulses, 2nd and 3rd order dispersion compensation would have to be applied to the
pulses outside the cavity [Asaki, 93], since the dispersion of elements outside the
laser cavity, such as the output coupler and the components of the polarimeter, will
significantly increase the pulse length. Measurements of the pulse length for a
femtosecond laser by techniques such as second harmonic generation presents a
problem for the same reason: dispersion in the frequency doubling crystal and other

elements of the autocorrelator. In fact, values of pulse length were obtained by using
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the specular polarimeter, which was redesigned to minimise dispersion (see section
2.5 below), and measuring induced polarisation rotation arising from a fast reflective
nonlinearity in nickel. The mechanism of this effect will be discussed in section
3.4.4. It returns an intensity autocorrelation of the pulse. Since the principle aim is
to optimise the time resolution of the polarimeter, this gives more valuable
information than an autocorrelation obtained using a separate device. The shortest
obtainable pulses were achieved with a bandwidth rather less than the maximum
(figure 2.7b) and were measured to be 32 femtoseconds long. Autocorrelation
measurements obtained with two different arrangements of the polarimeter are

displayed in the next section.
2.5  Pump-Probe Specular Polarimeter for Femtosecond Measurements

A second polarimeter was constructed for use with the femtosecond Ti:Sapphire laser
described in section 2.4. Although the principle of operation of the polarimeter is

unchanged, various modifications to the design were made.

Gold mirrors were used for the polarimeter, since aluminium is only ~80% reflective
at 810 nm. The pump beam is reflected 4 times in the polarimeter (including the two
steering mirrors which are used to direct the laser beam into the polarimeter) which
would result in loss of 60% of the light. Gold is 96% reﬂeétive at 810 nm, reducing
the power loss to 15%.

To make use of the high time resolution potentially available a delay line with a much
shorter step length is required. The delay line consists of a translating table with
travel of 25 mm, giving a possible range of mutual pump-probe delay of 170
picoseconds. The delay line is driven via a 250:1 gearbox by a stepper motor
controlled by the PC. The minimum step length is equivalent to a change of delay of

0.3 femtoseconds.

Figure 2.8 is a block diagram of the electronics of the new version of the polarimeter.
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Figure 2.8 Electronic components of modified polarimeter

It was decided that, since laser noise is generally less at higher frequencies, to operate
the polarimeter at a higher detection frequency. Since it is practically difficult to chop
at high frequencies, it was decided to increase the modulation frequency of the
Faraday modulator. The sum frequency Q;+, was limited to less than 10 kHz, since
this is the highest frequency at which the ITHACO lock-in amplifier is guaranteed
accurate. A modulation signal at frequency @, ~5.8 kHz is generated by a Topward
TAG4005 low-distortion signal generator and output to the Faraday modulator via a
Rotel RA550 amplifier. The amplitude of modulation was A=4 107 rad. A reference
signal at Q, from the signal generator is also sent to a custom-built Sum-Frequency
Generator. As with the original arrangement, a capacitance is placed in series with
the Faraday coil to create a circuit that is resonant at frequency {;. A Bentham
optical chopper was used to chop the pump beam at frequency @,~1.8 kHz. A
reference signal from the chopper was also sent to the custom-built Sum-Frequency
Generator. There was also provision for a signal from the chopper to the Faraday
modulator to act as a calibration signal. Because of the large difference between the
frequencies ©; and @, the fundamental frequency of the chopper reference signal is

strongly suppressed in comparison to its harmonics, so sending the square-wave signal

31



Chapter 2: Time-Resolved Specular Micropolarimetry

from the chopper directly to the Faraday modulator would produce a heavily distorted
signal. The square-wave signal from the chopper was used as a reference for a
lockable Kenwood AG204 low-distortion oscillator, which produced a sinusoidal
output which could be fed to the low-distortion Rotel amplifier. The calibration signal
provided a rotation of peak to peak size 400 urad. The Sum-Frequency Generator
produced an output signal at frequency ;+{,~8 kHz which was used as the

reference frequency for the ITHACO lock-in amplifier.

The most important changes to the polarimeter were concerned with achieving the
best possible time resolution. The limit on the time resolution of the polarimeter is
given by the duration of the laser pulses when they interact in the sample. Working
with ultrashort pulses, it is necessary to minimise the group velocity dispersion of the

optical elements of the polarimeter.

The glass corner cube retroreflector was replaced by an open corner-cube reflector
with gold surfaces, eliminating this source of dispersion. The Cotton prism was
reoriented so that the beams passed through the narrow (28°) corner of the prism, and
the beams were aligned vertically with each other. This meant that both beams could
pass through the prism as close to the edge as possible, minimising the length of
material through which they had to travel. In this way the thickness of calcite through
which the beams had to propagate was reduced to ~2 mm.’Some loss of transmitted
power resulted from this, due to the fact that the beams were no longer incident on
the prism near brewsters angle, but this was considered acceptable, since the pump
intensity potentially available was very high. The silvered glass beam-splitter used in
the original polarimeter was replaced by a pellicle beamsplitter, which has negligible
dispersion due to its very small thickness. For experiments where a circularly
polarised pump was required, a first order waveplate consisting of a ~40 pm thick
mica sheet was used. Again, the dispersion of this element is negligible due to its
small thickness. If we are not concerned with making measurements of the intensity
dependence of the effect studied, then clearly the variable attenuator may be removed

from the pump arm of the polarimeter.
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Figure 2.9 Autocorrelation in nickel showing time resolution of polarimeter in standard
configuration

The above modifications involved no essential design changes and were made without
any sacrifice of sensitivity of the polarimeter. Figure 2.9 shows a pump'—probe delay
dependence of the Specular Inverse Faraday effect (SIFE) in nickel obtained using the
polarimeter in this configuration. The response time of nickel is fast on this timescale
(see section 3.4.4), so the time dependence is an intensity autocorrelation of the
pulse, from which the pulse length at the sample may be obtained. From this data a

pulse length at the sample of 75 femtoseconds is obtained.

This is the configuration in which the time resolved experiments on GaAs described
in section 3.4.3 were performed. Since the response time of GaAs in these
experiments was on a subpicosecond timescale, the time resolution obtained was

considered sufficient. However, in order to fully utilise the potential of the
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Ti:Sapphire laser, and in particular with the aim of investigating very fast optical

nonlinearities in metals, it was attempted to reduce dispersion in the polarimeter even
further.

From laser

PD soui'ce
GP Open Corner—
Cube Optical
FM(Q)&‘P Delay
d;#’ BS
Reflected Probe
-
Probe \ < !
j '12 Pump S
[
“BP
PM A/ 4 Chopper((2,)
Nickel
sample

Figure 2.10 Pump-probe specular polarimeter with reduced dispersion, for use with femtosecond
Ti:Sapphire laser '

The most significant remaining dispersive element was the TGG crystal in the
Faraday modulator. However, there is no requirement that the polarisation of the
probe beam be modulated before it reaches the sample. If the polarimeter is arranged
so that only the reflected probe beam passes through the Faraday modulator, then the
effect of the dispersion due to the TGG crystal is eliminated, since the probe does not
pass through it until after it has interacted with the pump. This modification has a
number of effects on the sensitivity of the polarimeter. The most obvious difference
resulting from the probe making only a single pass through the Faraday modulator is
that the amplitude of modulation of the probe polarisation azimuth is reduced to half

its previous value. The fact that the reflected probe must follow a different path to
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Figure 2.11 Autocorrelation in nickel showing time resolution of polarimeter in reduced
dispersion configuration

the incident probe means that the probe cannot be exactly normally incident on the
sample, but the angle of incidence can be kept very small (~1°) and this should
make no significant difference to the optical effects measured. More significantly, the
dimensions of the Faraday modulator do not allow it to be inserted between the
Cotton prism and the sample if the incident probe is not to pass through the TGG
crystal. Also, since the probe is no longer exactly normally incident on the sample,
and will undergo some change in polarisation state on reflection as a consequence of
this, it becomes desirable to be able to adjust the analyzer independently of the
polariser, in order to find the position of maximum extinction. Therefore, the
polarimeter must be arranged so that the reflected probe just misses the Cotton prism,
and is directed through the Faraday modulator before reaching a Glan prism which

acts as analyzer. This arrangement sacrifices the mechanical stability achieved by
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using the same prism as both polariser and analyzer.

The focusing lens also contributes to the dispersion of the polarimeter as well as
introducing further pulse broadening effects due to chromatic aberration and spherical
aberration [Bor, 88; Kempe, 92; 93]. The lens was replaced by a gold parabolic

mirror, which eliminated all these problems.

Figure 2.10 shows the reduced dispersion arrangement of the optical components of
the polarimeter. The only remaining element in the polarimeter which introduces
significant dispersion is the calcite prism. In this (reduced dispersion) configuration,

the polarimeter had a time resolution of 32 femtoseconds, as shown in figure 2.11.

The ultimate limit to time resolution of the polarimeter is the transform-limited pulse
length of the laser, and should therefore be on the ~ 10 femtosecond timescale. To
achieve this time resolution, second and third order dispersion compensation would
need to be applied to the laser beam before it entered the polarimeter, to compensate

for dispersion outside the laser cavity.
2.6 Use of Polarimeter for Autocorrelation Measurements

As described in section 3.4.4, the polarimeter was used in the reduced dispersion
configuration described above in an attempt to resolve the dynamics of the Specular
Inverse Faraday effect in nickel. In fact, the pump-probe delay dependence of the
SIFE in nickel showed a symmetrical beil-shaped curve even with this time
resolution, i.e. the response time of nickel was shorter than the pulse length. As
explained in section 3.3 below, the SIFE in a material with fast response will produce
an intensity autocorrelation between pump and probe pulses. In effect the polarimeter
was used to measure the pulse duration of the Ti:Sapphire laser. This raises the
possibility that the polarimeter might form the basis of a new type of femtosecond

autocorrelator.
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Optical autocorrelation techniques are commonly used for measurement of the
duration of femtosecond laser pulses. A variety of nonlinear interactions have been
exploited in autocorrelators. These include Second Harmonic Generation
[Koldmeder,66], two photon fluorescence [Giodmaine, 67], multiple order
fluorescence [Sarukura, 88], the optical Kerr effect [Kane, 93], harmonic generation
on reflection [Gierulski, 85] and many others. Clearly, autocorrelation measurements
require fast nonlinearities with broad spectral ranges. A technique based on detection
of induced polarisation rotation due to the Specular Inverse Faraday effect in nickel
has several advantages for autocorrelation. The nonlinear effect used in the correlation
is nonresonant and incoherent; it is not strongly sensitive to wavelength, and does not

require any phase matching conditions to be met.

Figure 2.12 shows SIFE autocorrelation traces in nickel of a) a Cr:Forsterite laser
(A=1260 nm) with pulse length 76 femtoseconds, measured by Popov.et.al [Popov,
95] using a polarimeter of the same design as that described above, b) the Ti:Sapphire
(A=810 nm) with pulse length 32 femtoseconds.

There is no obvious reason why the technique could not be applied up to wavelengths
of several pm, provided a material with fast and strong enough nonlinearity at these
wavelengths is available. The only adjustment necessary would be to allow for the -
different angle at which light of different wavelengths woul& emerge from the prism.
With appropriate dispersion compensation this autocorrelation technique has the
potential to measure autocorrelations of pulses as short as ~ 10 femtoseconds and to

be used over a very wide wavelength range in the visible and infrared.
2.7  Sensitivity of Specular Polarimeter

In this section, the limits on the sensitivity of the polarimeter to induced probe
polarisation azimuth rotation will be examined. The sensitivity of the polarimeter may
be limited by a number of factors. These are discussed below, and table 2.1 provides

numerical values for the limits imposed by the various mechanisms described.
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Figure 2.12 Intensity autocorrelation traces in nickel for Ti:Sapphire and Cr:Forsterite lasers

2.7.1 Fundamental Limit to Sensitivity of Polarimeter
7

The ultimate limit on the angular sensitivity of a polarimeter is given by the
uncertainty of the polarisation state of the light, which arises from shot noise in the
iaser beam [Loudon, 83]. The uncertainty in polarisation azimuth angle due to shot
noise is given by Aay;,, ~ (2NT) %, where N is the number of photons per second
emitted by the laser and T is the measurement time. This formula is arrived at for a
single mode laser, while modelocked lasers such as the Nd: YAG or Ti:Sapphire have
a large number of modes, but for N>1 the above formula may be considered
reasonably accurate. N may be calculated from the following expression:
N=PRp/fio where P, is the power of the probe beam, R accounts for the

reflectivity of the sample and other losses and is in the range of 0.1-0.4, p is the
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quantum efficiency of the photodiode and 7w is the energy of a photon. The quantum
efficiency of silicon photodetectors depends on wavelength and for the purpose of
estimation, the following optimistic values are used: p,z=0.3 at A=532 nm, p,,=0.4
at =810 nm. For integration time T=1 sec, we obtain values of Acy;,= 6 108 - 1
1077 rad for the Nd:YAG laser and Aqy,,= 1 108 - 3 108 rad for the Ti:Sapphire

laser.

In practice the sensitivity of the polarimeter is worse than the quantum limit, due to

a variety of factors which are considered below.
2.7.2 Laser Noise

Since the signal at the photodetector is proportional to the intensity of the probe
beam, variations in laser output will affect the output of the polarimeter. Slow
variations in laser output intensity are compensated for by normalisation against a
signal which is dependent only on the input laser intensity, as described above. The
main contribution to noise on the measurements comes from laser noise at the

frequency of detection ©; +,.

The noise of a laser at the detection frequency may be measured in the following
manner. The laser is incident on the a photodetector whose output is read by a lock-
in. If the laser beam is chopped at the lockin reference frequency, then the output of
the lockin is proportional to the laser power P; . If the laser beam is not chopped then
the output of the lockin will be due to laser noise at the reference frequency. The
magnitude of this signal is the noise equivalent power (NEP). The value of NEP/P;
was approximately 4 10 for the Nd:YAG and 3 107 for the Ti:Sapphire at the
appropriate frequencies. A full noise spectrum may be obtained by rapidly sampling
the output of the laser via an A/D card and fourier transforming the collected data.

Noise spectra of the two lasers are displayed in figure 2.13.

The limit on polarimeter sensitivity imposed by laser noise may be estimated using
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Figure 2.13 Noise spectra of the lasers used with the polarimeter a)Nd:YAG, b)Ti:Sapphire

equations (2.5) and (2.7). The noise at the photodetector will be proportional to the
size of the d.c. component of intensity which is transmitted by the analyzer. The
minimum angle of polarisation azimuth rotation detectable with a signal to noise ratio

of unity is given by:
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_Laser _ NEP(44%+h)
4P,\[TA

(04

(2.11)

where T is lockin integration time. For T~ 1 sec, this gives values of o, 458=8

107rad for the Nd:YAG and «,,;,,4¥8=5 107"rad for the Ti:Sapphire.
2.7.3 Photodetector Noise

The average magnitude of fluctuation of the output of the photodetector at the
detection frequency AV(Q, +),) was measured using the lock-in while the input to the
photodetector was blocked. The standard deviation of measurements taken at a rate
of 1 per second was found to be AV ~ 1 uV at the appropriate frequencies for the
photodetectors used in the experiments with both lasers. This gives a measure of the
noise in the photodetector due to noise sources which are not dependent on
illumination, such as the dark-current shot noise, Johnson (thermal) noise and (1/f)-
noise, and would lead to a limit on sensitivity of about o, ~ 10°-10%rad. However,
the main contribution to photodetector noise for the polarimetric arrangement
described in this chapter can be calculated to come from photocurrent shot noise. Shot

noise is given by

Alshot = qu (Iphoto +Idark) . (2. 12)

where AL, is the noise current in AVHz, Lot 18 the photocurrent, Iy, is the
photodetector dark current and q is the charge of an electron. The main contributicn
to the photocurrent is due to the zero frequency component of the transmitted light:
Ip,wm= (queﬁl,/hw) (44%+h), while the signal current at frequency @, +, is given by:

Ljignar=(qp o /Hw)Ace. Therefore, for a signal to noise ratio of unity we have:

min

L0 - | 2o yad’+h 2.13)
p.eﬁJrT A

For T~ 1 sec, this gives a,,;,””=1-2 107rad for the Nd:YAG and «,,,;,"=2-4 10®rad
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for the Ti:Sapphire.

Laser A (nm) | oy, (rad) Oin taser (Fad) | tin pp (rad)
Nd:YAG 532 nm | 4-10 108 8 107 1-2 107
Ti:Sapphire 810 nm | 1-3 108 5107 2-4 108

Table 2.1 Limits on polarimeter sensitivity

2.7.4 Dynamic Range of Lock-In Amplifier

The signal due to pump-induced polarisation azimuth rotation at the detection
frequency Q;+%Q, needs to be recovered from a background of strong signals at
various other frequencies. In particular, there is a strong signal at 2Q,. The dynamic
range of the lock in needs to be large enough so that it can accurately measure the
small signal at Q,+£,, while not being overloaded by the large signal at 2{},. The
ratio of detected signal at the detection frequency and at the twice the modulation

frequency can be found from equations (2.4) and (2.7):

(9, +9Q) o«

ST« 2.14)
120,) a4

The lockin amplifier has a dynamic range of 10°. For amplitude of modulation A=5
1073, this gives a maximum sensitivity of 2 107rad. However, pre-filtering by the

photodetector means that the true limit to sensitivity should be better than this.
2.7.5 Mechanical Stability

If reflection from the sample is not exactly normal incidence, this may produce a
spurious rotation of the plane of polarisation of the light. Hence, mechanical
instability which affects the orientation of the components of the polarimeter might

be a source of noise in the polarimeter. For linear polarisation experiments, long term

42



Chapter 2: Time-Resolved Specular Micropolarimetry

drift due to mechanical distortion arising from thermal expansion has a significant
effect. This has been studied in detail in [Bungay, 95]. Bungay observed fluctuations
in observed polarisation rotation on the order of Aa~ 10 rad on a timescale of
several minutes, equivalent to a variation in probe incidence angle of about 6 10
rad. However, the nonlinear polarimeter detects only rotation induced by the pump

beam, and is therefore insensitive to slow drift in the background rotation.

The standard configuration of the polarimeter, in which the Cotton prism acts as both
polariser and analyzer, is very stable against noise due to mechanical vibration. The
detectable noise was accounted for by the laser noise (section 2.7.2). However, the
reduced dispersion configuration of the polarimeter, with separate polariser and
analyzer, showed a much higher noise level than the standard configuration, and this

was attributed to mechanical instability.
2.7.6 Noise Measurements

Figures 2.14 shows noise measurements for a) the polarimeter shown in figure 2.3,
used with the Nd:YAG laser, b) the "standard" configuration of the polarimeter
(figure 2.3) with the Ti:Sapphire laser and c) the reduced dispersion configuration of
the polarimeter (figure 2.10) with the Ti:Sapphire laser. The data comes from
experimental graphs like those shown in chapters 3 and 4; from the portion of the
data where pump-probe delay is negative (i.e. when the probe pulse arrives at the
sample before the pump pulse). With the Nd:YAG laser the noise level ~3 10°rad,
which is slightly worse than the sensitivity calculated from the laser noise. In the
conventional configuration with the Ti:Sapphire laser, the polarimeter shows
resolution of better than 10rad, in line with the laser noise measurements. The
reduced dispersion configuration has a sensitivity of ~ 105rad, indicating that
mechanical noise substantially reduces the sensitivity of the polarimeter in this

arrangement.
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2.8 Conclusions

A pump-probe polarimeter was constructed, based on a linear polarimeter designed
by Bungay et.al. [Bungay, 93; 93a]. A femtosecond Kerr-modelocked Ti:Sapphire
was constructed for use with the polarimeter. The polarimeter has angular resolution
of better than 10 rad, and a temporal resolution which is limited by dispersion. The
temporal resolution can be made as fast as 30 femtoseconds, although this can only
be achieved with some sacrifice of sensitivity. Potentially, the time resolution of the
polarimeter could be improved to the limit imposed by the pulse duration of the laser,
whilst maintaining the better than 10" rad sensitivity, if anomalous dispersion were
introduced into the polarimeter via a prism pair. The polarimeter provides an
excellent tool for probing specular nonlinear optical effects with high time resolution.
The measurement of ultrafast reflective nonlinearity in bulk metals also opens the
possibility that the polarimeter might form the basis of a femtosecond autocorrelator

with a very broad spectral range.
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Chapter 3
Observation of the Specular Inverse Faraday Effect

3.1  Synopsis

The results of investigations of the Specular Inverse Faraday effect (SIFE) in a variety
of materials are presented. The SIFE is introduced in (3.2) and its potential as a
spectroscopic tool is discussed. The theory of the SIFE is described in terms of
material tensors in media with instantaneous nonlinearity (3.3). Experimental
observation of the SIFE in a variety of materials is described in (3.4). The first
measurements of the SIFE in the diluted magnetic semiconductor Cdy ¢Mng 4Te
(3.4.1) and in the high T, superconductor YBa,Cu;0,; (3.4.2) are presented. The
transient SIFE in GaAs was observed with femtosecond time resolution for the first
time (a microscopic theory of the dynamics of the SIFE in GaAs is discussed) (3.4.3),
and the SIFE in nickel was observed to be effectively instantaneous with 32

femtosecond time resolution (3.4.4).
3.2 The Specular Inverse Faraday Effect

The Inverse Faraday effect is a classical electrodynamic effect consisting of the
magnetisation of a medium due to the presence of a rotating electric field such as that
of a circularly polarised light beam [Atkins, 68]. This magnetisation may be directly
detected by instruments sensitive to magnetic moment [Krenn, 85; Awschalom, 87].
The result of optical stimulation may also be investigated by using a second weak
probe beam and measuring pump-induced polarisation azimuth rotation or circular

dichroism [Afanas’ev, 75; Wieman, 76; Kuwata, 84; Takeuchi, 90; Bar-Ad, 92;
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Kawazoe, 93].

e

i
Reflected I/

probe///

Iz
41/
Probe Pump

Figure 3.1 Arrangement of pump and probe beams for Specular Inverse Faraday effect
measurements

In Specular Inverse Faraday effect (SIFE) measurements, the polarisation of a
reflected, rather than transmitted, probe wave is measured. In the scheme used in the
experiments described below, a weak linearly polarised probe beam and a circularly
polarised pump beam were used (figure 3.1). This arrangement was first utilized by
Kuwata for measurement of strong resonant excitonic optical nonlinearity in CuCl and
Hgl, [Kuwata, 87]. However, the measurement of nonresonant nonlinearities using
this phenomenon required a highly sensitive polarimeter. The SIFE had not been used
to measure a nonresonant nonlinearity until members of our research group did so in
the semiconductors GaAs and InSb [Popov, 94]. In this chapter similar experiments
are described on the diluted magnetic semiconductor Cdy ¢Mny 4Te and the high-T,
superconductor YBa,Cu;0,;. The time-resolution in these experiments was not
sufficient to observe the transient effect. Dynamics of the SIFE in GaAs were first
observed by [Bungay, 94], with 2 picosecond time resolution. The improved time

resolution made available by the Ti:Sapphire laser described in chapter 2 allows
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observation of fast features of the dynamics of the SIFE in GaAs which were not

previously resolved. It also allowed observation of fast nonlinearity in bulk nickel.

The SIFE is a potentially powerful technique for investigating the nonlinear optical
properties of opaque materials. The nonlinear optical constants of bulk opaque
materials have been relatively little investigated in comparison with transparent
materials, since clearly only specular effects are observable, and these are generally
much smaller in magnitude than transmission effects. For example, metals are a wide
and important class of materials where nonlinear optical data is sparse. Measurements
of coherent second and third order nonlinearities of bulk metals have been made by
reflective second [Review: Shen, 94] and third [Burns, 71] harmonic generation.
However, there is little information available about fast frequency-degenerate
nonlinearities, which might be of great interest for device applications. A value of a
frequency degenerate nonlinearity of gold has been calculated, rather than directly
measured, using data on the nonlinearity of glass doped with gold micro-particles
[Hache, 86]. Changes in reflectivity in the presence of a pump beam have been used
to gain information about frequency degenerate nonlinearity of metals [Schoenlein,87;
Eesley, 86], but this method is limited by its low sensitivity, and has only been used
in a narrow spectral range in copper and gold where a strong Fermi-smearing
nonlinearity may be observed. As experiments described in this chapter and by other
members of our research group [Zheludev, 95; Bennett, 95; 95a] show, the SIFE has

considerable potential to be used in this area.

The SIFE also offers the possibility of optically investigating the spin relaxation and
thermalisation times of excited carriers in opaque materials [Bungay, 94]. A variety
of optical techniques have been used to measure spin relaxation processes in
semiconductors and quantum wells. These include measurement of the polarisation
of photoluminescence stimulated by CW excitation with circularly polarised light
[Meier, 84; Fishman, 77; Zerrouati, 88]. Time resolved measurement of the
luminescence using up-conversion or streak camera techniques allows separation of

contributions from electron, hole and exciton spin relaxations [Damen, 91;
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Awschalom, 91; Roussignol, 92]. This technique, however, clearly requires that the
material is strongly luminescent, a limitation that does not affect SIFE measurements.
Pump-probe differential transmission measurements have been widely used to study
spin dynamics in bulk semiconductors [Hunsche,93] and quantum wells [Knox,86;88].
Polarisation sensitive measurements have also been widely used to investigate sub-
picosecond dynamics [Stark, 92; Takeuchi, 90; Bar-Ad, 91; Bar-Ad, 92;
Kawazoe,93]. However, all of these have depended on transmission measurements.

A reflective technique such as the SIFE, which may be used on opaque bulk samples,

has clear advantages.

3.3 Theory of the Specular Inverse Faraday Effect in Materials with

Instantaneous Response

The first theoretical paper on specular pump-probe polarisation phenomena which
addressed the SIFE was [Golubkov, 90]. A detailed phenomenological theory of the
SIFE in media with instantaneous response, which for the first time dealt with the
coherent as well as the incoherent component of the SIFE, was developed by Svirko
and Zheludev [Svirko, 94]. This treats the SIFE as a degenerate four-wave mixing
phenomenon, describing the separate coherent and incoherent contributions to the
effect. It deals with the manifestation of the effect as induced probe polarisation
azimuth rotation and elliptisation, and shows how to recover the values of components
of the degenerate third order susceptibility tensor x® from the induced change in the
polarisation of a reflected probe beam. Presented below is a more straightforward and
general approach to specular polarisation effects recently developed by the same

authors [Popov, 96].
Consider a material with instantaneous response and pump and probe waves with

narrow spectra centred at frequency w. Considering only third order nonlinearities,

the following material equation may be used:
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D;=¢;Ee™" +xinE,EEn e* 3.1

i

where the electric field is &r) =Ee*", representing a plane wave propagating in the

z direction, D is the electric displacement vector and the third order susceptibility

3 3 3
Xijkt = x,@jk),(w,w,w,-w) + x,(j&(w,w,-w,w) + xf,k),(w,-w,w,w) 3.2)

can describe any degenerate 4-wave mixing phenomena.

In the case of reflection from the surface of a medium at normal incidence, labelling
incident, reflected and transmitted waves by the superscripts i, r and ¢ respectively,
the total electric field in the vacuum may be given by: & (z) = E'¢“Yc + E eivte,
The magnetic field in the vacuum may then be found via Maxwell’s equations: B?(z)
= (iw/c) [AXE']e“Y + (iw/c) [2XEJe ™ where 2 is the unit vector in the direction

of propagation.

If the linear or nonlinear anisotropy of the medium is small, so that refractive index
n and wavevector k=wn/c may be introduced, then the light wave propagating in the
medium in the positive direction is described by &?(r) = E' ¢*’. In the slowly
varying envelope approximation, where the phases and amplitudes of the complex
vector E'(r) are slowly varying functions of the coordinate z, substituting &% (r) =
E' ¢*7 into Maxwell’s equations and neglecting d*E'/dz* gives |

dE; 2

2
i w ) r_ W Pttt * 3.3
= = (g - n*8,)E; = ?(x,.jlm)EjE,Em 3.3)

2ik

where the indices i,j cover the x,y directions. If the incident light consists of separate
pump and probe beams, where the intensity of the pump is much greater than that of
the probe, the magnitudes of the incident, reflected and transmitted waves may be
represented by E*' = A" + ¢""* where A and a represent the pump and probe

beams respectively and |4""| > |a;,,|.
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If the probe wave is much weaker than the pump, we may ignore any effect of the

probe on the pump or self-action of the probe wave. The magnitude of the pump is

given by equation (3.3), with A substituted for E. The magnitude of the probe is

given by
da; i .
— =5 e+ By G4
where
_ 1 t ot
a,-j = —6lj+_2[(8‘j + 2XylmAlAm ]
, n 3.5)
t 4t
B,‘j = n_2'XiIny'AlAm

where the amplitudes A4, of the pump wave are, in general, functions of the

coordinate z and satisfy equation (3.3).

There is an important difference between oy and Bij. As follows from equation (3.5),
oy; may be represented in terms of the Stokes parameters of the transmitted pump
wave Sy = AA" + AA’, S = AA -AA’, S, = 2Re(AA)), S; = 2Im(A,A)):
A" A = Y078, where o are the Pauli matrices, o = 0, 1, 2, 3. The Stokes
parameters represent intensities of specific polarization components of the pump
wave, i.e. they are independent of the phase of the wave. On the other hand, 8;
cannot be represented solely in terms of the Stokes parameters. From the relation 4’;
= (4")" exp{2i¢,;}, where ¢,; is the phase of the complex amplitude A”;, one obtains
AL A = A A exp{2ig} = Yo,S,, exp{2i,}. Thus the coefficients 3; depend on
the both intensities and phases of the polarization components of the pump wave. This
manifests itself as the appearance of a coherent (i.e. dependent on the mutual phase
difference between pump and probe) component in the reflected and/or transmitted

probe wave.

In order to determine what happens to the probe beam on reflection from the surface

of the medium we must consider the boundary conditions for the wave. The electric
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and magnetic fields must be continuous across the boundary (z=0):

a'(z=0)-a%(z=0)-a'(z=0) = 0 (3.6)
b (z=0)-b%(z=0)-b%(z=0) = 0
From Maxwell’s equations the following expression can be obtained for the magnetic
field in the medium b = nfzXd’] + (c/iw)curld’. 1t follows from the fact that we
assume the probe has no effect on the pump that the pump and probe must
independently satisfy the boundary conditions. Therefore the amplitudes of the

incident, reflected and transmitted probe waves at the boundary of the medium are

given by:

a’ -af-a=0

. 3.7
T
naT+aR—a=.l_£(.4.g_ _0)
w dz *°
Solving equations (3.7) gives:
; T
=5 3 nt <,>(1w+ n)(‘fiaz 2-0)
3.8)
_ ; T
ak - 1 na. ic (da l.-0)
1+n w(l +n) dz

The polarization azimuth and ellipticity of a wave may be described via the Stokes
vector parameters of the wave. The polarization azimuth orientation ¢ and the degree

of ellipticity 5 will then be given by ¢="%tan’’(S,/S,) and n="2%sin"" (S;/Sy).

The polarization azimuth and ellipticity of the reflected probe beam is given by

an2d - A i)

tan2¢"
¢ nsﬁ_ 1-n

3.9)

R
sin2n’ - A Re(d )
nSg,- 1-n

sin2n’

56



Chapter 3: Observation of the Specular Inverse Faraday Effect

dayT da, T

a ——
xdzz= yd

-0 (@) + (a,)%] (3.10)

If the change in the polarisation state of the light is small then equations (3.10) may

be rewritten as

A cos?2¢, {J }

& - = -
. 282 1-n
3.11)
A JR
-q, = - Re{—}
o st 1-n

JR may be obtained in terms of o;; and §3; and the Stokes vector of the incident light
S; by substituting equation (3.4) into (3.10)

R _ iTtn

A1+ n){[ayy - oy + (Bye ey Bxxe-Zi(px)](SOiSZi—iSliSC!i)

N o (3.12)
oy — oy + (Bye - Bye IS - $3:)

+ oy, + o, + (Byxe‘mx M Bxye_my)](so:'sli+iSzi53i)}

where Pry = arg(ax,y).

The above is a general solution for the behaviour of a probe wave of arbitrary initial
polarisation reflected from a nonlinear medium of arbitrary symmetry in the presence

of a copropagating pump beam, also of arbitrary polarisation.

We now consider the specific case of the Specular Inverse Faraday effect. Although
the SIFE is possible in media of arbitrary symmetry, we consider only the simplest
case of an isotropic medium. In this case there are only two independent contributions
to the third order susceptibility [Butcher, 90; Svirko, 94]:

thm X1 (51_,‘51”1 *5115 + 6im5jl) + Xz‘sim‘sjt (3.13)
Since X;=Xyyyy has overall permutation symmetry, it is allowed in both absorbing and
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absorptionless media. On the other hand, X;=X,,;"Xyy,, vanishes if frequency
dispersion is negligible, and hence needs to be considered only in absorbing materials
[Butcher, 90].

In the SIFE, the pump wave is circularly polarised: S;,=S,,=0, S3,=1Sp,. If the

incident probe wave is linearly polarised (S;=0, S,? + 8,7 = S, ):

2i
8n(xxxyy B xxyyx + xxxyye ”")

An|l + n|2(1 + n)

JR - ¢ (3.14)

2
Op SOi

where the + sign corresponds to a right-hand and the - sign corresponds to a left-
hand circularly polarized pump wave and ¢ = (ep - ) is the phase difference
between the circularly polarized pump and linearly polarized probe waves. The
formulae for polarization alterations in the reflected probe become

- _ 2iy
¢r d>i = 4 321IIP Im xxxyy xxyyx + xxxyye (3.15)

N c|1 +nf? Re n(l - n?)

where I, = cS,,/8 is the intensity of the pump wave.

The term in equation (3.15) proportional to x,= is independent of the

Xxyyx Xxxyy
relative phase of pump and probe, and hence represents the incoherent contribution

to the SIFE. The term proportional to x; is dependent on the relative phase of

=Xy
pump and probe ¥, and hence represent the coherent contribution to the SIFE. Since
it depends on the value of x,, the coherent contribution is only significant in non-
transparent media. Being dependent on the totally symmetric component x;, the
coherent contribution may potentially be observed in both transparent and opaque

media.

For a medium with instantaneous response, the experimentally observable value of

probe polarisation rotation due to the SIFE is given by the convolution of the
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instantaneous magnitude of induced rotation ¢,,,(t) and the intensity of the probe I,(z),
where the instantaneous value of ¢,,,(t) is proportional to the instantaneous intensity

of the pump ¢;,,(t) =pl,1):

Ound®) * [ b, OL-D)t « [T OL(-v)de (3.16)

where 7 is pump-probe delay. That is, if pump and probe pulses are produced by
splitting a single laser beam, and material response is fast with respect to pulse
duration, time-domain measurements of the SIFE return an autocorrelation function

of intensity.

One can see that for coherent pump and probe the polarization effects on reflection
are in fact polarization-sensitive versions of a degenerate four-wave-mixing process.
What distinguishes the specular effects is that the nonlinear interaction takes place in
a thin layer at the surface of the medium which is responsible for the reflection. In
the case of strongly absorbing materials, the depth £, of this skin layer may be

estimated as the smaller of the wavelength or the light penetration depth.
3.4 Experimental Observation of the SIFE in Opaque Materials

In the experiments on Cd, (Mn, ,Te and YBa,Cu,0,; the optical source was a
frequency doubled mode-locked Nd3*YAG laser producing 80 picosecond pulses with
82 MHz repetition rate at wavelength A=532 nm and with an output power of 200
mW. Experiments were conducted using the pump-probe reflective configuration
polarimeter described in chapter 2. The pump beam was circularly polarised by a
waveplate after passing through the birefringent prism polariser. The pump and probe
beams were focused at the sample surface by a lens to a spot diameter of 20 pm.
After losses in the polarimeter, the maximum attainable pump intensity at the sample

surface was about 5 MWem™.
For the experiments on GaAs and nickel, the light source was the Kerr-lens mode-
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locked Ti:Sapphire laser described in chapter 2, producing 32 femtosecond pulses at
wavelengths centred at A=810 nm with output power ~500 mW. The polarisation
of the pump beam was set as circular using a first order mica waveplate. This was
a piece of mica of thickness ~40 pm. In the experiments with GaAs the dispersion
in the polarimeter limited time resolution to ~ 70 femtoseconds, and the beams were
focused on the sample by a lens to a spot diameter of 35 um. Peak pump intensity at
the sample surface was ~5 GW cm™. In the experiments on nickel, time resolution
of 32 femtoseconds was achieved, by means of further reduction of dispersion in the
polarimeter by the modifications described in section 2.4. The beams were focused
by a parabolic mirror to a spot size of 35 um. Peak pump intensity at the sample

surface was ~10 GW cm™2.

3.4.1 Study of the SIFE in the Diluted Magnetic Semiconductor
Cdy ¢Mn, 4Te

A diluted magnetic semiconductor is a semiconductor which has had a fraction of one
of its constituent ions replaced by ions with a net magnetic moment. The most studied
are ATBY! hosts containing Mn?* ions, which substitute for the cations A, so that the
cation sublattice becomes a A-Mn alloy. Mn is used because it has a large magnetic
moment, is electrically neutral in ATBY! hosts (neither a donor or an acceptor), and
can replace a large fraction of the cation A (up to 0.8 in Cd, ,Mn,Te) without
significantly affecting crystal quality. These materials are of interest for several
reasons. Their band structure and lattice parameters may be controlled by changing
the fraction of Mn (this is also true of nonmagnetic ternary semiconductors). They
also have various unusual magnetic properties. There has been much interest in the
magneto-optical properties of dilute magnetic semiconductors because of their giant
Faraday effects [Nikitin, 90]. These make them potentially attractive materials for
magnetooptical devices (e.g. optical isolators or magnetic field sensors). The unusual
feature of strong coupling of the free carrier spins with the lattice of magnetic ions
was the motivation for investigation of optically induced magnetization

[Ryabchenko,82; Awschalom, 87; 89; 91]. The nonlinear optical properties are also
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unique, allowing for example easy observation of the light-intensity dependence of the
Faraday effect in static magnetic fields [Frey, 92; 92a] and the inverse Faraday effect
in transmission in the ferromagnetic phase [Afanas’ev, 75]. This made them an

attractive target for study with the SIFE.

Cd, ¢Mn, ,Te was chosen in particular because it is a well-characterised zincblende
structure material and its optical properties have been extensively studied. At 532nm
Cd, ¢Mn, 4Te has reflectivity 26% and a penetration depth of ~ 100 nm. The sample
on which experiments were performed, which was supplied by D.E.Ashenford and
B.Lunn of the University of Hull, consisted of a 2.2um thickness layer of
Cd, ¢Mn, 4Te deposited by molecular beam epitaxy on top of a 0.5um thickness layer
of CdTe, itself deposited on an InSb substrate. The surface of the sample was the
(001) crystal plane. The probe beam was directed nearly normally to the (001) crystal
plane with its initial polarization along the [110] direction, suppressing any
contribution from specular gyrotropic linear dichroism (see chapter 4). The
measurements were performed at room temperature. At room temperature the band-
gap energy E, for this alloy composition is approximately 2.1 eV and the spin-orbit
splitting of the valence bands A, is about 0.9 eV [Lautenschlager, 85]. Since pump
and probe wavelengths were 532nm (2.33 eV) carriers were excited only from the

upper valence bands to the conduction band.

Figure 3.2 shows the pump-induced polarization rotation angle in Cdy (Mn, 4Te as a
function of the relative pump-probe delay for left and right hand circularly polarized
pump. As expected, the polarization azimuth rotation changes sign for opposite
circular pump polarizations. One can see from figure 3.2 that the time dependence
of the effect reproduces the pump-probe cross-correlation function, indicating that the
response time is faster than the pulse duration of 80 picoseconds. Figure 3.3 shows
the dependence of the magnitude of the effect on pump intensity in Cdy ¢Mn, 4Te and
also in GaAs, measured for purposes of comparison. In both materials the effect is
linear in pump power over the range studied; in Cdy¢Mny Te the constant of

proportionality is 2 x101° rad.cm*W-! while in GaAs it is 2x10°!! rad.cm?W-!.
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Figure 3.2 The SIFE in Cdy (Mn, ,Te as a function of relative pump-probe delay for left-hand
(L) and right-hand (R) circularly polarised pump. Ip=3 MW cm?2, A=532 nm.

From equation (3.15) and given refractive index n=3.07, k=0.34 at 532nm
[Lautenschlager, 85], one can deduce a value of X, “Xyyz = 2.5 106 esu (3.5104
Xz = 3 107esu (4 10 SI) for
GaAs. The value of x in Cdy (Mny 4Te is therefore high by comparison with non-

SI) for Cdy ¢Mng 4Te in comparison with x..,

resonant nonlinearities in a GaAs. However, later measurements by other members
of our research group under identical circumstances gave a value of X, “X;yx = 2.3
106 esu (3.2 10'* SI) in CdTe which is very similar to that for Cdy (Mn, 4Te
[Bennett, 95a). Therefore, it cannot necessarily be concluded that the magnetic ions

have a significant effect on the SIFE in Cdy (Mn, ,Te at room temperature.

Only a tentative microscopic explanation is possible from this data. The optical

excitation of 5 MW cm™ creates a dense electron-hole plasma in the vicinity of the
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Figure 3.3 The SIFE in Cdy ¢Mng Te and GaAs as a function of pump intensity, A= 532 nm.

semiconductor surface whose density may be estimated as N=10'%-10% cm using the
formula N=(P,,, Xa)/(hoXVXL,,,), where P, is the pump pulse energy, « is the
absorption coefficient, V=penetration depth X the area of the spot and L,,, is the
pulse repetition rate. With circularly polarized pumping the excited electron and hole
populations are partially spin-polarised. At room temperature we may expect the
polarised spins to relax on a picosecond time scale so that the fraction of spin
polarised conduction electrons will follow the pump pulse envelope. In GaAs or
CdTe, the population difference for states with opposite spins causes differential
absorbtion of the right and left circularly polarized components of the linear probe
giving polarization rotation [Popov, 94] (this is discussed in more detail in the section

on femtosecond measurements in GaAs below.) In Cd,y (Mn, 4Te the situation is more
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complicated. Here the angular momentum in the conduction electron system is
efficiently transferred to the paramagnetic ions by s-d exchange spin-flip processes.
This spin-flip time has been estimated to be in the 1 picosecond range
[Awschalom,87,89,91; Bastard, 92}, comparable to the free carrier spin relaxation
times. The Mn ion system will thus acquire a spin-polarisation which follows the
optical pulse. Such Mn spin polarisation produces a very large splitting of the band
gap for right and left circularly polarised light, roughly equivalent to a magnetic g-
factor of 10°. It might thus seem surprising that the SIFE in Cd, ¢Mny ,Te not
strongly enhanced with respect to CdTe. It should be noted that measurements of
magnetisation due to the inverse Faraday effect also yielded small values [Nikitin,90].
This was attributed to decrease in magnetisation due to magnetic ion-hole interaction,
and to strong depolarisation of electrons due to their excitation into states above the

bottom of the conduction band.

Since the Faraday effect in Cd;_,Mn, Te is known to exhibit a complicated temperature
dependence, and magnetisation due to the inverse Faraday effect is stronger at low
temperature, an interesting line of further research is to examine the temperature
dependence of the SIFE in this material. This is being pursued by other members of

the group.
3.4.2 Study of the SIFE in the High-T_ Superconductor YBazCu:,(.)7_Js

High T, superconductors such as YBa,Cu;0;_5 are of interest both because of their
potential technological usefulness and for their unusual and incompletely explained
physics. In particular, attempts have been made by several groups to detect specular
circular dichroism/birefringence in these materials, in a search for an optical
manifestation of the hypothetical violation of time-reversality in these materials called
for in some theories of the origin of their superconductivity [Lawrence, 92;
Spielman,92; Lyons,93].

YBa,Cu;0,; crystals are attributed to the orthorhombic crystal point group (4/mmm).
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The structure consists of CuO, layers in the (001) plane, loosely joined by "fencelike"
CuO; chains in the (100) plane {Beno, 87]. It is the (001) planes which conduct
electricity in the superconducting state. The optical properties of YBa,Cu;0_; crystals
show a large anisotropy between excitations perpendicular to and parallel to the (001)
plane. There is also a weaker anisotropy between the [100] and [010] directions,
although this is often suppressed in measurement because YBa,Cu;O,; samples
generally display microtwinning with (110) and (110) as twinning planes. The domain
sizes are generally on the order of 50 X50um [Petrov, 88; Koch, 89]. This means that

measurements in the (001) plane often yield the average value for excitation along the
[100] and [010] directions.

The experiments were performed with a sample of bulk YBa,Cu;0,; at room
temperature. The crystal had been grown by a method using a favourable flux from
a SnO, crucible and then annealed in high purity flowing oxygen at 535°C for 2
weeks. Magnetisation measurements had shown that it had a sharp transition (within
1 K) to the superconducting state at 93 K [Lin, 92]. The crystal had a good quality
mirror-like surface and a nearly perfect parallelepiped shape of approximately 2 mm
by 3 mm by 100 um. The sample surface was in the plane normal to the [001]
direction. In these experiments, the polarisation of the probe beam was directed
parallel to [100] (parallel to one of the edges of the crystal). Hence there was no
rotation of the probe resulting from birefringence in the (001) plane. Since the
anisotropy is small, we may assume that any orientationally dependent corrections to
the SIFE will be small compared to the magnitude of the effect. Hence, we need not
be concerned with the domain structure of the sample, since any differences in the

induced rotation due to the orientation of the twinned microcrystals will be small.

The experiments were conducted at room temperature. At room temperature
YBa,Cu;0;_; has a reflectivity for A=532 nm of ~10%, which is roughly isotropic
in the (001) plane [Koch, 89]. The light penetration depth is ~ 100 nm. Figure 3.4
shows the induced probe polarisation azimuth rotation as a function of pump-probe

delay for the case of stimulation with a left hand (L) and right hand (R) circularly
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Figure 3.4 The SIFE in YBa,Cu;0,,; as a function of pump-probe delay. I,=5 MW cm?,
A=532 nm.

polarised pump. Figure 3.5 shows the intensity dependence of the induced rotation
over the range of intensities 0.2-8 MW cm™. The rotation due to the SIFE was linear
in pump intensity up to 8 MWcm™?, with constant of proportionality 2.2 101!

rad.cm?. W,

From equation (3.15) and given refractive index n=1.8, k=0.4 at 532 nm [Koch,89],

one can deduce values of x,,,, =8.4 10%su (1.2 10°16ST).

-xxyyx
The following mechanisms may be responsible for SIFE in YBa,Cu;0;; (a)
Predominant spin polarization of the free electrons and holes due to circularly
polarized pump which creates an effective magnetization. Here the relaxation of the

nonlinearity is due to dephasing interaction of the carriers with each other and the
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Figure 3.5 The SIFE in YBa,Cu,0, as a function of pump intensity. A=532 nm

lattice; (b) Orientation of the Cu spins by polarized mobile carriers may also produce
further magnetization. Spin polarization can relax through interaction with: (i) each
other, (ii) phonons via spin-orbit interaction, (iii) free carriers. Given that the SIFE
is due to light-induced magnetisation of a medium, it would be interesting to carry
out low temperature experiments, where the Meissner effect should expel any field

from the sample.
3.4.3 Study of the Ultrafast Dynamics of the SIFE in GaAs
The SIFE offers the possibility of optically investigating the spin relaxation and
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thermalisation times of excited carriers in opaque materials. The first observations
which resolved dynamics of the SIFE in GaAs were [Bungay,94], using a Ti:Sapphire
laser producing 2-picosecond pulses (A=750 nm). In this work two components of
the incoherent SIFE were observed: a fast component whose decay was too fast to be

resolved, and a more slowly decaying component of opposite sign, with a decay time

of 1141 picosecond.
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Figure 3.6 The SIFE in GaAs as a function of pump-probe relative delay for right-hand
circularly polarised pump. I,=4.8 GW cm-2, A=810nm showing a) long tail, b) expansion of
initial peak.

In the experiments described below, the transient SIFE was observed in bulk GaAs

with ~70 femtosecond time resolution. The sample was a4 mm X 8 mm X 1 mm
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Figure 3.7 The SIFE in GaAs as a function of pump-probe delay for a variety of pump
intensities, A==810nm.

single crystal of GaAs. GaAs has a reflectivity of 32% at 810 nm. GaAs is opaque
at 810 nm (iw=1.53 eV) with light penetration depth of about 1 pum. 'This photon
energy is 0.12 eV above the band gap, allowing excitation of electrons from the light
and heavy hole bands but not from the split-off valence band. As in the experiments
with Cd, (Mn, ,Te, the sample was aligned such that the probe polarization azimuth
was in the [110] direction, suppressing any contribution from specular gyrotropic
linear dichroism. Pump intensities in the range from 0.7 - 5 GW cm™ were used
corresponding to estimated optically induced free carrier concentrations of up to
6.10'8 cm™. The corresponding reflected probe polarization azimuth rotation and its
behaviour in the time domain is shown in figure 3.6 for [, = 5 GW cm2. The results
shown in figures 3.6a and b were produced with a right-hand circularly polarised

pump beam. Reversal of the pump chirality gave similar results but with the sign of
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Figure 3.8 The magnitude of probe polarization azimuth rotation as a function of intensity; a)
peak rotation, b) rotation at 1.5 ps pump-probe delay, A=532 nm.

probe polarization rotation reversed. As expected, the results show a large positive
rotation which decays over a few hundred femtoseconds, followed by a negative

rotation which decays with a longer time constant.

The experiment was performed at a variety of pump intensities, as shown in figure
3.7. Figure 3.8 shows values of the polarisation azimuth rotation as a function of
pump intensity at zero and 1.5 picosecond pump-probe delays. Probe polarisation
azimuth rotation is a linear function of pump intensity at both time delays. The peak
rotation has a constant of proportionality of 1.5 103rad cm W1, and the negative
rotation peak at 1.5 picoseconds has a constant of proportionality of 2.7 10 '4rad cm™
w-l,
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The long decay of the negative rotation feature is fit by a single exponential with a
decay time of 10 picoseconds. The faster decaying positive rotation feature is well fit
by a double exponential decay, one component having a decay time of 200-300
femtoseconds and the other a decay time in the region of 70 femtoseconds, although

this is too short in comparison with the pulse length to be accurately determined.

A microscopic model explaining the time evolution of the SIFE in terms of the
population dynamics of the optically created free carriers has been developed by

N.I.Zheludev, R.T.Harley and I.R.Shatwell [Zheludev, 95a]. This is outlined below.

A 6-band model of the GaAs band-structure is adopted and rotation of the reflected
light polarisation azimuth is considered to result from differential absorption of the
left and right circularly polarised components of the linearly polarised probe light.

The dynamics may be considered in two stages which are presented in figure 3.9.

In figure 3.9(a), the pump and probe pulses are coincident at the crystal surface, the
left-hand circular polarised pump (o) promotes carriers mainly from the heavy hole
valence-band (mj" =3/2) to the conduction band (mje= 1/2). These transitions outweigh
transitions from the light hole valence-band to the conduction band which have a
reduced matrix element and a lower density of final states. These carriers occupy
energy states close to the energy of the excitation and consequently bleach the
absorption coefficient, o, associated with the o. pump leading to reflected probe
polarisation azimuth rotation. This initial rotation relaxes due to two main processes:
thermalisation of the electrons and holes towards the centre of the bands, which takes
place on a 200 femtosecond timescale [Hunsche, 93; Knox, 86; Knox, 88] and hole

spin relaxation on a timescale of 1 picosecond [Meier, 84].

The second stage of the population dynamics of the incoherent effect is shown in
figure 3.9(b). The electrons and holes have thermalised towards the centre of the
bands to form Boltzmann populations characterised by their excess energies

[Hunsche,93], but the electron spins have not relaxed. The states occupied by
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transitions from mj" =3/2 to m=1/2 have now emptied whilst the lower energy states
corresponding to the light hole to conduction band transition (mj”=-1/2 to m=1/2)
are filled by the thermalised carriers. This transition corresponds to a ., excitation
and consequently the absorption, e, is more strongly bleached, reversing the sign
of the observed polarisation azimuth rotation of the probe. The decay of the
differential absorption is now controlled by the spin relaxation of the thermalised
electrons in the conduction band which was measured to be 11 picoseconds by
Bungay et. al. [Bungay, 94]. Recombination of the carriers is not considered, since
this occurs on a sub-nanosecond timescale, and is too slow to be important in the

interpretation of the SIFE.

Clearly, the theory outlined above is too simple to be expected to completely account
for the response of GaAs, but it does show the main features in the observed
dynamics of the SIFE, although the observed decay of the initial peak is faster than
might be expected. Figure 3.10 compares a) experimental data on the SIFE in GaAs
with b) a plot produced by a computer simulation created by I.R.Shatwell
[Shatwell,95], based on the theory of the dynamics of the SIFE in GaAs described
above. The simulation does not provide an absolute value for induced probe
polarisation rotation, but the relative magnitude of the positive and negative rotation
components should be accurate. The decay times for the electron and hole spin
relaxations and thermalisation used to generate the plot were taken from values
obtained by fitting exponential decays to the experimental data. The FWHM of the
laser pulse was set at 70 femtoseconds. The model described above offers no
explanation of the initial small negative rotation. This feature was also observed in
the 2 picosecond experiments [Bungay, 94]. It may represent a nonlinearity with
response time faster than the pulse length, so that it traces an autocorrelation of the
pulse intensity. Such a contribution, superimposed on the slowly rising main peak
arising from the population dynamics, and having opposite sign, could produce the
initial dip observed. Such an effectively instantaneous response might arise from

nonlinearity of bound electrons.
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Figure 3.10 a) observed SIFE in GaAs, b) simulated SIFE in GaAs based on theoretical model.

3.4.4 Study of the SIFE in Nickel

Bulk metals might be expected not to have significant third order degenerate
nonlinearity x® due to free electrons. Free electrons, the major agent in infrared
absorption in metals, were expected to have no Kerr-type dipole nonlinearity unless
they are confined in microparticles, and free-electron third-order multipole
nonlinearities were estimated to be very small [Hache, 86; 88]. However, this does

not take account of any spin-related processes.
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The SIFE in gold was first observed by members of our group [Zheludev, 95] using
a Cr:forsterite laser (A=1260 nm) which produced 90 femtosecond pulses, and a
number of other metals have also now been examined at this wavelength [Bennett,95].
All these metals showed instantaneous response on this timescale. The observed
polarisation azimuth rotation in nickel was approximately an order of magnitude

greater than in any of the other metals (800 prad at pump intensity /,=1 GWcm?).

The main mechanism of the nonlinearity in these materials is believed to be intraband
free electron spin flipping [Zheludev, 95]. This is distinguishable from interband
nonlinearities, for example those responsible for the coherent third-harmonic
generation process [Burns, 71], and the major incoherent visible-range cubic optical
nonlinearity which is due to resonant optical transitions from the d-states to the s-p

conduction band in the vicinity of the Fermi level [Eesley, 86; Schoenlein, 87].

In [Zheludev, 95], the SIFE in metals is treated by use of a conventional metallo-
optics approach. Light reflected from the surface of a metal undergoes a phase
retardation a=tan"[2x/(n*-1+«*)], where n and « are the real and imaginary parts of
the refractive index. Rotation of the polarisation azimuth of the probe beam arises
from pump-induced differential retardation of the left and right hand circularly
polarised components of the probe. For |«| » |n|, probe polarisation azimuth rotation
is given by 6oz,z-2A:</x2, where Ax is the pump-induced difference between the

values of « for left and right hand circularly polarised light.

Conservation of energy and momentum requires that free-electron absorption occurs
when an electron in the conduction band absorbs a photon and simultaneously
emits/absorbs a phonon or scatters on an impurity, defect or boundary. In order for
angular momentum to be conserved, the electron must reverse its spin state when it
absorbs a photon. In SIFE measurements, absorption of photons from the circularly
polarised pump beam gives rise to an imbalance in the populations of electrons with
opposite prajections of spin (m;=1/2 and m;=-1/2) along the propagation direction

of the beam.

75



Chapter 3: Observation of the Specular Inverse Faraday Effect

Since in the case considered the photon energy (Aiw=1.5 eV) is much less than the
Fermi energy (ez=9.2 eV) the induced circular dichroism may be treated by the
standard quantum approach to free-carrier absorption [Dumke, 61], which is modified
in [Zheludev, 95] to deal with spin-dependent processes. This analysis gives an

expected value of rotation due to this spin-flipping mechanism of

- 8 (E _ _1_) 3.17)

theor € DO, p(ep) b, \ T 2

da,
61

where W, is the plasma frequency, Aw, is the photon energy, p(eg) = 3N/(4¢g), N is
the free electron density, is the Fermi energy, and (7, /7) is the ratio between the
relaxation time due to spin flipping processes and the relaxation time for electron
momentum transfer due to all relaxation processes. This corresponds to values of x?
in the region of 10 esu (1017 SI).

It should be noted that although the expected value of x® is reasonably large, the
observable effect of the SIFE is small, due to the high refractive index of metals,
which acts on the observable rotation approximately as n? (see equation (3.15)).

Hence the need for a highly sensitive polarimetric technique for its observation.

The metals other than nickel which were examined had observed values of rotation
within the range that might be expected from equation (3.17). The enhancement of
the effect in nickel may be due to spin correlation and exchange effects in this
ferromagnetic material, as well as its relatively low Fresnel factor (n=2.50, k=4.20

at 810 nm) compared with other metals.

The relaxation time for this effect is estimated to be on the order of a few tens of
femtoseconds. This provided a strong motivation to measure the SIFE in metals with
the best possible time resolution, in order to resolve the relaxation time or place an

upper limit on its value.

The nickel sample was produced by evaporating in a vacuum (7 10mbar) a ~40 nm
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Figure 3.11 The SIFE in Nickel as a function of pump probe delay. =10 MW cm2, A=810
nm.

thickness 1ayf:r of nickel of purity better than 99.99% onto a polished glass substrate.
This is greater than the skin depth of nickel (6=15 nm at A=_810 nm). It. had a good,
mirror-like surface of area 15 mm X 20 mm. Figure 3.11 shows probe polarisation
azimuth rotation in nickel as a function of pump-probe delay. The data appears to be
symmetrical about the zero delay position, i.e. the SIFE in nickel is effectively
instantaneous with this time resolution. Treating the observed data as an
autocorrelation function, we obtain a pulse length of 32 femtoseconds. The observed
rotation has a magnitude of 155 prad. Given n=2.5, k=4.2 (A=810 nm) for a thin
nickel film, this corresponds to a value of x® of 2 10 esu (2.7 1017SI). This is a
fairly strong nonlinearity. In fact, in terms of speed and magnitude of nonlinear
response, it is in the range required for all-optical switching applications, raising the

possibility of important device applications. The possibility of using this nonlinearity
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as the basis for an optical autocorrelator was discussed in chapter 2. With this in
mind, it is intended that the nonlinear optical properties of bulk metals become a

major research direction for our group.
3.5 Conclusions

The Specular Inverse Faraday effect has been observed in a variety of opaque
materials, allowing the determination of components of x‘® in these materials. With
the use of a femtosecond modelocked laser, the time evolution of the SIFE in GaAs
has been observed, allowing measurement of carrier relaxation times. Strong and very
fast (not more than 32 femtoseconds relaxation time) nonlinearity was observed in
nickel, raising the possibility of use of this material in optical switching, or as an

interaction medium in a fast autocorrelator.

The effectiveness of the SIFE as a tool of nonlinear spectroscopy of opaque materials
has been demonstrated. As a spectroscopic technique, the SIFE has several
advantages. Since it is a reflective phenomenon, it may be used to study opaque
materials. The time resolution of the method is limited only by the pulse length of the
laser used. These advantages have been clearly demonstrated in the work on metals,

where very fast nonlinearity of bulk metals has been observed.
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Chapter 4
Observation of Natural and Pump-Induced Specular Gyrotropic

Linear Dichroism

4.1 Synopsis

The work in this chapter forms part of ongoing research into optical effects which we
attribute to time-nonreversality in the optical response of noncentrosymmetric
materials. The results of investigations into natural and induced gyrotropic linear
dichroism in zincblende semiconductors are presented. These effects are interpreted
as being the result of lack of time-reversal symmetry in the interaction of light with
non-centrosymmetric media. Section 4.2 describes the restraints that Onsager
symmetry places on the optical susceptibilities of materials as a result of time-
reversality of the light-matter interaction process, and gives examples of materials in
which reversality of the light-matter interaction may not be valid. Section 4.3 shows
how time-nonreversality in zincblende symmetry crystals may manifest itself as
nonreciprocal light-matter interaction. Section 4.4 extends the theory of specular
reflective phenomena given in section 3.3 to include linear and nonlinear nonlocal
terms. Section 4.5 describes experimental observation of linear and induced
gyrotropic linear dichroism in zincblende structure semiconductors and section 4.6

interprets these results in terms of a simple band structure model of the materials.
4.2 Onsager Symmetry and Time-Nonreversality

In thermodynamics, certain symmetry relations for macroscopic kinetic coefficients
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may be derived from the fluctuation-dissipation theorem under the condition that the
microscopic processes involved are time-reversible [Onsager, 31; Landau, 84].
Specifically, if X; are some displacements of the system from thermodynamic
equilibrium, and f; are the forces producing such displacements, such that X;=L,f,
the Onsager relations state that L; is symmetric, i.e. L;=L;;. The principle of the
symmetry of the kinetic coefficients may be applied in optics [Landau, 84]. If the
light-matter interaction is time-reversible, restrictions can be derived on the allowed

components of the optical susceptibilities. If we use the material equation of the form

D, = ¢;E; + V,(Y,,E) @.1)

where D is the electric displacement vector, E is the electric field strength of the

electromagnetic wave and V is the gradient operator, the restrictions on e and vy are

These restrictions are independent from and additional to any symmetry restrictions

imposed on e and v by the material point group.

Since the Onsager relations arise from the fluctuation dissipation theorem, there is no
reason to suppose that they are valid for systems which are far from thermodynamic
equilibrium. Such a departure from equilibrium might be produced by stimulation of
a medium by an intense transient optical pulse, as in some of the experiments
described below. In such a case the system is obviously not time reversible, since the
decay of the excited state provides a clear distinction between past and future. Hence,
one may expect the restrictions (4.2) to be lifted in a crystal excited to a non-

equilibrium state.

However, even for low intensity steady state stimulation there are circumstances in
which the Onsager relations do not apply, namely where microscopic time-reversal
symmetry is violated. The case of an externally applied magnetic field is mentioned
by Onsager. Other examples are atoms which are time-non-reversible because they

possess net electronic angular momentum [Hamaguchi, 80] and the hypothetical
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timenonreversible state in some superconductors which would arise from the existence
of particles with fractional spin statistics [Wen, 89; March-Russell, 88]. As first
suggested by [Lifshitz, 81] and comprehensively investigated in [Barron, 87;94;94a],
chemical interactions involving chiral molecules are not necessarily symmetrical with
respect to time-reversal, leading to violation of thermodynamic principles based on
microscopic reversibility. The question of the possible existence of non-reciprocal

electromagnetic "Tellegen" media has recently attracted controversy [Weiglhofer, 95;
Sihvola, 95].

Let us consider an example described in [Belinicher, 80], where microscopic
electronic scattering processes in a medium lacking inversion symmetry (P-odd) are
not symmetrical with respect to time reversal. This is illustrated in figure 4.1 which
represents particles interacting in a noncentrosymmetric potential represented by a
wedge. In 4.1a) the particles have initial momenta «;, «, and final momenta «’;, ’;.
In 4.1b), the time-reversed scenario, the initial momenta of the particles are reversed
(-x1,-,), but the final momenta are «’’; % -«’ and «’’, #-«’,. Belinicher and Sturman
showed that in such a system even a small perturbation leads to the generation of a
unidirectional flow of particles. A system in which such a flow occurs is clearly not

at thermodynamic equilibrium and the Onsager relations cannot be expected to apply.

Svirko and Zheludev [Svirko, 95] have recently shown that time-nonreversality is a
general feature of nonlocal light-matter interactions in noncentrosymmetric media.
The time-nonreversible terms arise in particular from the spin-orbit terms in the

crystal Hamiltonian.

The rules for transformation of crystal properties and electromagnetic fields under
space (P) and time (T) inversion [e.g. Berestetskii, 82; Lax, 74] may be summarised
as follows. Under space inversion P: spatial coordinates r=-r, gradients V=-V,
electron momenta p=-p, electrostatic potential of crystal V(r)=V(r), electron angular
momenta and spin L=L, ¢=¢, electric field strength E(r,t)=-E(-r,t), magnetic

induction B(r,t)=B(-r,t), vector potential A (r,#)=-A(-r,t). Under time-reversal T: r=r,
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a) b)
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Figure 4.1 Representation of particles interacting in a non-centrosymmetric potential. a) "direct"
scenario, b) time-reversed scenario.

V=V, p=-p, V(r)=>V(r), L=-L, 0=-0, E(r,t)=E(r,-t), B(r,t)=-B(r,-1), -A(r,t)=-A(r,-1).

The Hamiltonian of an electron in a crystal may be given by

2
H-P oy gy D gyt 4.3)
2m 8m2c? 4m?2c?
where p and ¢ are the momentum and spin of the electron and V represents the
internal potential of the crystal. This Hamiltonian is always symmetrical with respect
to time inversion (T) and space inversion (P). The Hamiltonian representing the

interaction between the crystal and a light wave is given by

2 2
h

H =--2pArp - A%y - &
nt mcp ) 2mc? ) 4m?c?

[VVxA(r)]:o - p By 4.4

where A(r,t) is the vector potential of the wave, B(r,?) is its magnetic induction and
p = (efi/2mc)a. For a linearly polarised wave of frequency w and wave-vector k,
A(r,t) = AO9cos(wt-kr). There are a number of time-non-reversible terms in the
interaction Hamiltonian. Some of these terms are even functions of coordinate, and

will therefore have zero matrix elements for transitions between states of opposite
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parity (optical transitions). However, there are terms arising from the spin-orbit
interaction and the part of the crystal potential which is an odd function of coordinate,
which are T-odd and P-odd (i.e. they change sign under either the P or T operations):
2
AH, y = - eh {(r-[kxA®]) - (r+a)(VV, 4, [k xA® Dlsin(wr) 4.5)

2m2c?

where V,,, is the component of the crystal potential which is an odd function of
coordinate (and may therefore exist only in a noncentrosymmetric medium). The
interaction Hamiltonian is invariant under the combined operation PT, as must be the
case, since optical interactions are even with respect to charge conjugation (C), and
all physical interactions are even with respect to the combined operation CPT. The
T-noninvariant contributions to the interaction Hamiltonian are linear in the
wavevector ¢t the light wave. Hence T-odd interactions will manifest themselves in
first order spatial dispersion phenomena only. This means that the restrictions
imposed on the nonlocality tensor vy, by the optical consequences of the Onsager
relations are not necessarily valid in a noncentrosymmetric material with a significant

spin-orbit contribution to its Hamiltonian.
4.3 Reciprocity in Nonlocal Optics

As shown below, the optical phenomena associated with the symmetrié part of the
nonlocality tensor 4° may be distinguished from the conventional circular
birefringence and dichroism associated with the antisymmetric part of the nonlocality
tensor v? by the fact that, while polarisation effects associated with y* (e.g. optical
activity) will cancel on retroreflection of the light wave through the medium,

polarisation effects associated with 4° will add.

Determining whether optical effects will add or cancel on reflection back through a
medium requires comparison of waves propagating in the forward and backwards

directions. In order to do this consistently, the calculations in this section will be
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performed in one laboratory Cartesian coordinate system. This frame is oriented such
that the z-axis is along the forward (positive) direction of propagation and the xy-

plane is perpendicular to it.

An electromagnetic wave at frequency w may be represented by E = Edei@/onz,
where £ is the polarization vector, (£.£°)=1, and n is the complex refractive index,
whose real and imaginary parts are responsible for refraction and absorption. In the
laboratory frame, the wave propagating in the forward direction (say, from 0 to +2),
denoted below by the subscript "-", has Re{n_} >0 and Im{n_} >0, while the wave
propagating in the backwards direction (say, from 0 to -z), denoted by subscript "<",
has Re{n._} <0 and Im{n_}<0. In order to be exposed to the same absorption and
retardation two counter-propagating eigenwaves must have opposite refractive indices:
n., = - n_. Since elliptical polarization handedness is determined with respect to the
propagation direction, two eigenwaves propagating in opposite directions with
polarization vectors £, and £, , have the same polarizations if ¢_ = £, * Two waves
with polarization states different only by a phase factor ¢, such as £ and £e'®, should
be considered as having the same polarization. The reciprocity conditions for the

eigenwaves may now be formulated in the following analytical way:

4.6)
E. ={E_ Ve

Below, for simplicity, we will consider light propagation along a non-birefringent
direction, presuming € =€, =¢. This allows us to concentrate on the effects arising
from the nonlocality tensor. The spatial evolution of the components E,and E, of a
transverse electromagnetic wave is governed by the wave equation:

d’E, 2

dE.
dzzl + % (eEi + sz—d?]) =0 s i = X,Y, J =Xy (4.7)

Substitution of the wave solution E = £A4¢'©@ jnto (4.7) gives us the characteristic

equation which leads to the following refractive coefficients and corresponding
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polarization states of the eigenwaves:

= 4} ; 2
By = £iv, +v i‘/G + (v, £v)

(4.8)
My = 2iv, - vz ‘/e + (v, 7 v)?
{zv_+iv, v, = v}
E1’3 =
\/Iva v P+ v siv|]
4.9
vt v, -v_+iv}
€24

\/]vs v, P+ v Fiv]

Here v = (v - v - v2)1% v, = (@40 (ray F Yy ¥4 = (O fry, + )
Here, we use the prescription for treatment of the symmetric and anti-symmetric
components of the nonlocality tensor v outlined in [Birss, 67}. The anti-symmetric
components of the nonlocality should be treated as i-tensors, which do not change
sign with reversal of the direction of propagation, while the symmetric components
should be treated as c-tensors, which reverse sign with reversal of the direction of
propagation. For a realistic situation |e|> |»| and Re{n; 5} >0; Im{n; ,} >0 while
Re{n; ,} <0, Im{n; }<0. That is, indices "1" and "2" denote waves propagating in
the forward direction while "3" and "4" denote waves propagating in the reverse

direction.
Let us consider two different optical effects dependent on the nonlocality tensor:
(1) Light propagation in an isotropic gyrotropic medium. Here by symmetry Viyz = -

Yyxz A0 ¥, = 7, = 0. Therefore, the eigenvalues of the refractive index and the

corresponding eigenpolarisations are
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w y? ® y° 1 .
nm = 21 £ ,]l€e + ( 21 )2, £1’3 = "\'/'_5{1,_1}
(4.10)
(AR w Y%, 1 .
ny, = - t ,|e+ , = —{1,-i}
2,4 e ( P ) M I 7

The eigenwaves are left and right circularly polarised (see figure 4.2a). From here
we can easily arrive at the familiar result that rotation of polarisation azimuth due to

optical activity is compensated on reflection.

(i)  Light propagation along a cubic axis in a crystal of 43m point group. Here
by symmetry the dielectric tensor is isotropic ¢,, = ¢, = ¢, = ¢, Yiyz = Yyx and
Yaz= Yy, = 0. The eigenvalues of the refractive index and the corresponding

eigenpolarisations are

4.11)

Reversing the direction of propagation preserves the refractive coefficients of the two

eigenwaves (see figure 4.2b). The eigenwaves are two orthogonal linearly polarized

waves.

A wave of arbitrary polarization propagating through the crystal in the positive

direction may be decomposed as

(5]

im 2 2 in 22 4.12
E(:) = EjAje © +EAe °© 4.12)
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a) ’

/

b)
Aol ’ Aol

p. —p

[100] / [100]

Figure 4.2 Eigenpolarisations and refractive indices for counter-propagating beams in a)
isotropic gyrotropic medium Yz ="Yyx)» D) 43m crystal Vz=Yyxd

where 4, , determine the magnitudes of the projections on the eigenwaves at z=0.

For a typical situation where the nonlocal response is a small correction to the local

response

w

2 2 i—nyL
ED = {840 - 2 v+ 54,0+ 2y LDe (4.13)
2¢? 2¢?

where n, = €/

. If, say Re{y*} <0, the polarization azimuth of a linearly polarized
wave E_, with real 4; and 4, tends towards eigenwave §;. For an initially linearly
polarized wave small rotation of the polarization azimuth is given by
2
8¢ = -——Re(y*)L cos(2¢) 4.14)

2c?
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where ¢ is the polarization azimuth of the incident wave with respect to the [100]

direction. Similarly, for a wave propagating in the opposite direction, say from zero
to -L

. W . @
-in—z -ing—2 .
E() = §A e el s §,A,e € 4.15)
and we have
02 02 ~iZn,L
E (L) ={§A,(1 - —¥°L) + E,4,(1 + ¥ Dle °© (4.16)
2¢? 2¢?

Here, again, for Re{y’} < 0 the polarization azimuth of the linearly polarized wave
E_ with real 4; and 4, tends towards §;. That is, polarization azimuth rotation is
doubled on the way back through the crystal. This polarization effect, which is due
to the symmetric part of the nonlocality tensor, is known as gyrotropic linear
dichroism. This analysis should also apply to reflective phenomena arising from ¥*,
with the result that waves of the same initial polarisation incident on opposite sides
of the crystal will experience polarisation azimuth rotation of opposite sign with

respect to their direction of propagation.

4.4 Nonlocal Specular Polarisation Effects in Materials with Instantaneous

Response

In section 3.3 a general formula was quoted for the change in polarisation state of a
probe wave reflected from the surface of a medium in the presence of a strong pump
wave, taking account of local linear and third-order terms only. The value of the
polarisation azimuth rotation and induced ellipticity of the reflected probe was
obtained for the specific case of a circularly polarised pump (the Specular Inverse
Faraday effect), a linearly polarised probe, and neglecting any anisotropy of the
material tensors. In order to deal with the polarisation effects discussed in this chapter
we must extend the treatment in section 3.3 to deal with linear and third-order

nonlocalities. As in section 3.3, the treatment presented is that of [Popov, 96].
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The material equation (3.1) now needs to be modified to deal with the effects of

nonlocality, i.e. gradient terms must be included:

D(r) = (g, + ik WYin + YY) Eje ™ +

ijn

ik.r (4.17)
[xijlm + ik I-‘ylmn V(qumn - ijlmn)]EjElEme )
where
x,]u = xgk)l(w:m:m’_w) + xg?li((osw’_ws(‘)) + X?)((Oa‘w,waw) (4'18)
and
Fijl-’,m,, S,Znn(m W,0,-w, r) +
Ffljmn(w’ws 0,0, r) - Pfr:zb:(w -“0,0,0, r)
4.19)

s
I‘ijlmn = ulmn(m w,w,-w, r) -

3)
Pfljmn(w’w’_w:ws r) - P(J,,,(m -0,0,0, )

We will see below that T'® jimn describes nonlocality of the bulk nonlinear response,

while I, is significant at the boundary of the medium.

If we proceed as in section 3.3, the equation for the evolution of the electric field of
the light wave becomes
dET 2
] L2 (e e, + iky, —n25i.)EjT =
dz 2 " ’ g (4.20)
2
- % (Xijlm + lkrulmz)EjTElTET

and the magnitude of the transmitted probe is

da; ik .
& 3 @9 B .21

where the indices i,j cover the x,y directions and « and 8 are now
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0)2
(ke)?

2
By = U:—)C_);(xilmj * ikFi;mjz) AjA,

o, = -8, [y + ikY;) *2(tym + KD p) AAL]

(4.22)

where the amplitudes A4"; are, in general, functions of the coordinate z and satisfy

equation (4.20).

As with purely local effects, o is independent of the phase of the wave, while S
depends on the phases as well as the intensities of the polarisation components of the
pump wave. Inclusion of nonlocal terms modifies the boundary conditions for the
probe wave at the surface of the medium. The boundary equation for the electric field
vector remains unchanged, but there is an extra term in the boundary equation for the

magnetic field vector:

a'(z=0)-a(z=0)-a"(z=0) = 0

b'(Z=O)—bi(Z=O)—b’(Z=O) - i?w[zxds] (4-23)

where d; determines the surface contribution to the nonlocal response and is

associated with induced surface current.

. 1 .
dis = 'Y,]Zajt + (Pyblmz - P;W)A;A,tn aj' + -i(rlll,"yz - PliWZ)AltAI;ajt (4'24)

where A’ and @' are taken at z=0. In terms only of the electric field strength the

boundary conditions are

al -ak -a=0
4.25)
2
na’ + a® - a = EE(é-a—- 0 ¥ L g9
©w dz c2
giving
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2 ic da” w?
a’(z=0) = a + + —d*
@0 =1 w(l + n)( dz 220 c? )
4.26)
_ : T 2
ak = 1 na + ic (da l ot _(_l)___d.s')
1 +n o(l +n) dz * c?

The polarisation azimuth orientation and ellipticity of the reflected probe is given by

JR}

tan2¢"

@n2¢ - — Im{
“Slzi 1-n
4.27)

_ R
sin2n" = sin2n’ - )"2 Re{—L )
TSy 1-n

or, for small changes in polarisation state

A cos?2d. R
b d>'Im{'])

4),_4’,':_ 2S2 1-n
Ty,
v (4.28)
R
n,-mn = - * RetdDy
2nss 1n

where Jp, is now

4.29)

da’ daf 2 i ) .
li2o) + =(ad) - ad)ll(a) + (a))]
C

= Y —
R

In terms of the Stokes parameters of the incident probe wave JX is

R _ inn ;o ) -2ie, o -2ie, y
Ty et (B e 10,1515
+ [a/yx_a/xy+(6/y,e_2w"B/,ye—ziw)](sgi - S32,.) 4.32)

+ Lol +al +(B e e B',ye ) (SiSy; +i8y53)}

where ¢, , = arg(a,,) and o’ and B’ are
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a = a. - w? 2ik(y,, + (T5,, - 5, )AAS)
T (kep Yie e

/ w? . b s
By = By = (T = T

(4.33)

We consider the case of a single low intensity beam incident on the surface of a
crystal of 43m point group, where the crystal surface is perpendicular to a cubic
direction in the crystal [001], as in the propagation problem discussed in the previous
section. The beam is initially linearly polarised at some angle ¢ to the [100] direction

(85=0, 8,7 = Sy’cos2¢, S,? = S,7sin2¢). Since there is no pump beam, terms in

x® and T'® are zero. By symmetry ¢, = €y = € = €& Yoy = Vyx A0 YV = 7,
= 0. Therefore, JX is given by
27 2

JR = R R cos2¢, 4.349)

and the formula for the alteration of the polarisation of the reflected wave is
R _
¢ . ¢ _ _ ilt-cos2¢.- ém Yo (4.35)
n A € (1 - n?

The imaginary component of v° causes the plane of polarisation of the reflected light
to rotate, while the real component induces ellipticity. We may call this effect

specular gyrotropic linear dichroism/birefringence.

Now we add an intense pump beam, also linearly polarised in the same plane as the
probe beam. The effect of the purap beam on the probe may be considered via the
tensor component l“myz, which represents the modification to Yy, induced by the
pump. Since the pump is linearly polarised with the same polarisation as the probe
the polarisation state of the probe cannot be modified as a result of the optical Kerr

effect or the inverse Faraday effect. The formula for J® is now
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2R, (1 + Leiy

4.3
JR = - 2 S,Sacos2¢ (4.36)
A2 |1enfP(1en) O

and the formulae for the alteration of the polarisation of the reflected wave are

- 128 n%I I .
¢ - T ;m = L iy cosng 4.37)
N, AL+ n2 %€ nQd - n? 2

where I, = ¢S,/8w is the intensity of the pump wave. We can see that both the linear
and pump induced effects have a cos2¢ dependence on crystal orientation. Of course,
if the response time of the material is longer than the excitation time, this formula is

not strictly applicable, but it is useful for revealing the symmetry of the effect.

4.5  Observation of Linear and Pump-Induced Gyrotropic Linear Dichroism

in Zincblende Semiconductors

A detailed examination of gyrotropic linear dichroism/birefringence in the AMBY
zincblende semiconductor GaAs has been conducted by Bungay et.al.. AIBY
semiconductors with zincblende symmetry are particularly appropriate materials in
which to search for the k-linear time-nonre?ersible effects described above, because
the 43m point-group permits the symmetric nonlocality tensor component ('y’,-jk=7‘ Jik)
and the spin-orbit interaction plays an important role in the band structure [Kane, 57].
Also, within the scope of linear optics, crystals of the 43m point group are isotropic
(¢;=€d;) and show no optical activity (y*=0). Hence, only v* may lead to alteration
of the polarisation state of a light wave interacting with the crystal. Bungay et.al.
observed polarisation azimuth rotation of linearly polarised light reflected from the
(001) surface of a sample of GaAs, which displayed the characteristic cos2¢
orientational dependence of the time-nonreversible effect [Bungay, 93]. Also, ina thin
(20pm) sample of GaAs, using a tunable laser they performed wavelength dependent

reflection experiments above the band gap and transmission experiments just below
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the band gap, including double pass experiments where the laser light was reflected
back through the sample [Bungay, 94, 94a]. They found that the rotation in the case
of the double pass experiments was twice that observed in the single pass

experiments, confirming the bulk, nonreciprocal nature of the effect.

In the experiments described below, study of specular gyrotropic linear dichroism is
extended to two new materials of the same zincblende symmetry. A nonlinear effect
with the same cos 2¢ orientational dependence is also studied, which we interpret as
a light-induced modification to the linear effect. Such an effect was first observed as
a result of excitation of GaAs by an intense laser pulse by Zheludev and Paraschuk
[Zheludev, 90].

Probe Pump

Figure 4.3 Experimental arrangement for observation of a) natural and b) pump-induced
gyrotropic linear dichroism. Inset shows expected dependence of polarisation azimuth rotation
on crystal orientation.
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The experimental arrangement was essentially similar to that employed in the
experiments described in chapter 3, except that the incident pump beam was linearly
polarised. Figure 4.3 shows the experimental arrangement for measurement of natural
(figure 4.3a) and pump-induced (figure 4.3b) probe polarisation azimuth rotation. The
pump and probe were identically polarised, ensuring the absence of any contribution
from the Optical Faraday or Kerr effects. The inset in figure 4.3 illustrates the
expected dependence of the effect on the orientation of the polarisation azimuth of the
light with respect to the crystal axes. The optical source used in these experiments
was a frequency doubled mode-locked Nd3*YAG laser producing 80 picosecond
pulses with 82 MHz repetition rate at wavelength A=532 nm and output power of 200
mW. The pump and probe beams were focused at the sample surface by a lens to a
spot diameter of 20 um. After losses in the polarimeter, the maximum attainable
pump intensity at the sample surface was about 5 MWcm2. The samples being
examined were attached to a rotating mount in order to allow measurements of the
dependence of the observed effect on crystal orientation. The tilt of the front face of
the mount was adjustable, allowing the orientation of the face of the sample to be set
precisely perpendicular to the axis of rotation of the mount, so that the direction of
the beam reflected from the sample did not change when the sample was rotated. The
beam was reflected at normal incidence to an accuracy of better than 1°, and with a
change in the direction of the beam during orientation dependence experiments of less
than 0.1°.

The samples examined were the zincblende (43m) structure semiconductors GaAs and

InSb and the zincblende structure semimagnetic semiconductor Cd, {Mng 4Te.

4.5.1 Observation of Linear and Pump-Induced Gyrotropic Linear Dichroism
in InSb and GaAs

The experiments were performed with good substrate quality bulk GaAs and InSb
samples cut and polished normally to [001]. At 532 nm GaAs has a reflectivity of
38% and a light penetration depth of ~ 130 nm, and InSb has a reflectivity of 46%
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and a penetration depth of ~20 nm.

The natural (pump-independent) rotation of a normally reflected probe beam was
measured in both GaAs and InSb as a function of crystal orientation. The magnitude
of the polarization azimuth rotation was 6.5%10%rad in GaAs (figure 4.4) and
3.2x10* rad in InSb (figure 4.5). In both cases the rotation had the cos2¢
dependence on the orientation of the crystal expected for the time-nonreversible effect
(equation 4.35). The rotation observed in GaAs coincides closely with that observed
in [Bungay, 93] in GaAs with light of wavelength 543 nm. These rotations give
values of v*,, (natural) =4.6X 10%cm for GaAs and v*,, (ramral) = 2.7X 108cm for
InSb. Here values of n=4.18, k=0.326 for GaAs and n=3.977, k=2.14 for InSb (A
= 532nm) are used [Seraphin, 67].

In both crystals pump-induced polarization plane rotation on a scale of 10 - 103 rad
was detected in the reflected probe. In both GaAs (figure 4.6) and InSb (figure 4.7)
the induced rotation had the same sign as the natural rotation (i.e. it increased the
natural effect). In GaAs the induced rotation was found to increase proportionally to
the pump at the rate of 1.1x10"!! rad cm?W-! within the measured range of intensity
(figure 4.8). In InSb in the range of pump intensity up to 1 MW cm™ the induced
rotation scaled linearly with the pump with a constant of 4.3x10!'rad cm?W! and
tended to saturate at higher intensities (figure 4.9). From the pump-probe delay
dependencies one can see that induced polarization rotation appeared immediately
after excitation. In GaAs (figure 4.10), at pump intensity S MW cm2, approximately
50% of the rotatory power disappeared with the pump pulse. Another 25-30%
decayed with a time constant of approximately 180 ps. There was also an offset of
about 20% of the total rotation which did not disappear between the excitation pulses
spaced by 12 ns but at the same time responded to the chopper pump modulation with
period of 0.83 ms. In InSb (figure 4.11) the relaxation picture was very similar
except that the fast "tail" of the decay dependence was shorter and had relaxation time
of approximately 60 ps and there was also a much longer second relaxation time

which was impossible to identify accurately since it was longer than the range of our
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Figure 4.4 Natural probe polarisation azimuth rotation in GaAs as a function of crystal
orientation. A=532 nm.
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Figure 4.5 Natural probe polarisation azimuth rotation in InSb as a function of crystal
orientation. A=532 nm.
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Figure 4.6 Pump-induced probe polarisation azimuth rotation in GaAs as a function of crystal
orientation at zero pump-probe delay for pump intensity I=5MW cm?, A=532 nm.
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Figure 4.7 Pump-induced probe polarisation azimuth rotation in InSb as a function of crystal
orientation at zero pump-probe delay for pump intensity Ip= 5 MW cm?, A=532 nm.
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Figure 4.8 Induced probe polarisation azimuth rotation in GaAs as a function of pump intensity.
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Figure 4.9 Induced probe polarisation azimuth rotation in InSb as a function of pump intensity.
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Figure 4.10 Induced probe polarisation azimuth rotation in GaAs as a function of pump-probe
delay. I,=5 MW c¢m, A\=532 nm.
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Figure 4.11 Induced probe polarisation azimuth rotation in InSh as a function of pump-probe
delay. I,=5 MW c¢m, A\=532 nm.
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delay line, though shorter than the excitation pulse repetition period of 12 ns (see
figure.4b). The "non-decaying" component was also observed in InSb. In the entire
intensity range the value and sign of the induced polarization rotation both in GaAs
and InSb depended on the sample orientation exactly as predicted by (3) (figure.3b).

The "non-decaying” contribution also obeyed cos2¢ orientational dependence.

The value of the induced nonlocality tensor component at [, =1 MW.cm? may
be estimated via formula (4.32) as Yy linduced)=7.5x101% cm for GaAs and
‘Y:xyz (induced) = 3.7%10 cm for InSb.In both materials, the observed effects were
found to be nonreciprocal. That is, when the sample was rotated by 180° about one
of the cubic axes of the crystal which were parallel to the plane of the sample surface
(i.e. [100] or [010]) and illuminated on the opposite face, the sign of the observed

polarisation plane rotation was reversed.

4.5.2 Observation of Linear and Pump-Induced Gyrotropic Linear Dichroism
in Cdy (Mn, ,Te

The experimental arrangement for the experiments on Cd, (Mn, ,Te was identical to
that for the experiments on GaAs and InSb described in section 4.5.1 above. The
same sample of Cd, (Mn, ,Te was used in these experiments as in the specular inverse
Faraday effect experiments described in section 3.4.1. Natural rotation on a scale of
da, = 5 10**rad was observed in the single-beam experiment (figure 4.12). The
orientational dependence of the effect meets with high accuracy the cos 2¢
dependence given in formula (4.32). Given n=3.07, k=0.34 at 532nm

[Lautenschlager, 85], this allows us to estimate the value of y’m(naturai) =2 10%m.

Additional pump-induced polarization plane rotation on reflection on a scale
of 10%rad was observed with a pump of intensity 4 MWcm. The orientational
dependence of the effect when the sample was rotated around [001] was identical to
that of the linear effect (figure 4.13). Here the solid line represents the effect as it

would appear in accordance with formula (5) for V' iy linduced)= 2.5 10%m. The
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Figure 4.12 Natural probe polarisation azimuth rotation in Cdy (Mn, ,Te as a function of crystal
orientation.lp=5 MW cm?, A=532 nm.
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Figure 4.13 Pump-induced probe polarisation azimuth rotation in GaAs as a function of crystal
orientation at zero pump-probe delay for pump intensity L=5MW cm?, A=532 nm.
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Figure 4.14 Induced probe polarisation azimuth rotation in GaAs as a function of pump-probe
delay for pump intensities I, a)4.8 b)4.5 ¢)3.5 d)2.6 €)2 1)0.95 £)0.45 h)0.25 i)0.065 j)0.03

MWem2.

induced polarisation azimuth rotation is shown as a function of pump-probe delay for

various pump intensities in figure 4.14. In the range of pump intensity up to about

1 MW cm the induced rotation was found to increase proportionally to the pump at

arate of 6 10! rad cm?W-! and tended to saturate at higher intensities (figure 4.15).

However, its relaxation rate strongly depended on the intensity of optical stimulation.

The rotatory power relaxation fits reasonably a single-exponential model. The decay

time decreased with the excitation level as shown in figure 4.16 where the dashed line

: . -0.4
is an empirical best fit 7ol .
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Figure 4.15 Induced probe polarisation azimuth rotation in Cdy ¢Mn, ,Te as a function of pump
intensity, A=532 nm.
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Figure 4.16 Decay time of induced probe polarisation rotation in Cdy ;Mn, ,Te as a function of
pump intensity, A=532 nm.

107



Chapter 4: Observation of Natural and Pump-Induced Specular Gyrotropic Linear Dichroism

4.6 Origin of Linear and Pump-Induced Gyrotropic Linear Dichroism/

Birefringence in Zincblende Semiconductors

Below a microscopic picture of the observed effect is outlined, explaining the
appearance of k-linear terms in the optical response and its time-non-reversible
nature. This picture, which involves examination of transitions promoted by left and
right circularly polarised photons, is not directly comparable with the
phenomenological description in section 4.3, where the eigenpolarisations in a
zincblende symmetry material with nonlocal response were shown to be linear, but

we believe that it is applicable as long as we assume that any changes in the

polarisation state of the light are small.

For the sake of simplicity we limit ourselves to considering a simple two-band
structure in GaAs which is pictured in figure 4.17. It represents the lowest electron
band and the heavy hole band. A similar picture might be presented for the light hole
band. We assume that the conductivity band is parabolic and degenerate with respect
to the projection of the total electron angular momentum J. This spin degeneracy
holds in all centro-symmetric structures. The situation is different for structures which
lack a centre of inversion, such as zinc-blend crystals, where taking account of the
spin-orbit interaction, including relativistic corrections, leads to terms linear in ¢
(where ¢ is the wave vector of the electron) [Bir, 74; Pikus, 84; Cardona, 88]. In the
heavy-hole band only A-directions (g || [100]) remain degenerate. All other directions
including the L-direction (g| [111]) and X-direction (g] [110]) become non-
degenerate. We take account of this splitting in the valence band of our model.
However, even taking account of the spin-orbit interaction the crystal itself remains
time-reversible [Svirko, 95] and the band structure obeys the rule requiring a state
with angular momentum m; at a general g point to have the same energy as the
opposite state at -q: E(g, m;) = E(-q, -m; ) (see, for example [Bir, 74; Lax, 74]).
The g-odd splitting is on a scale of only a few meV and may be ignored in the
majority of calculations. However, it is crucial when k-linear optical effects are

considered and leads to time-non-reversible optical interaction with the crystal.
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Figure 4.17 Simple band structure model for GaAs and interaction of light with the crystal
showing a) wave vector dependence of transitions, b) time-non-reversality of interaction, b) non-
reciprocity of interaction

As follows from the law of conservation of momentum, optical transitions from the
valence band to the conductivity band are not exactly vertical: 4, =q.+k. One can
see that, taking account of the valence band splitting and the finite value of the wave
vector k of the photon involved, the transitions m ) =-32=mf =-1/2and m ) =
3/2 = m,® = 1/2 promoted by left and right polarised light (L and R in figure 4.17)

of the same quantum energy begin and end at energy levels which differ by AE on

the dispersion curve (figure 4.17a). This means that absorption and refractive
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coefficients for left and right handed polarised light are different, due to the finite
value of the k-vector of the optical excitation. This differential absorbtion/refraction,
however, does not result in the conventional time-reversible effect of optical activity
described by the anti-symmetric part of the nonlocality tensor Yk = - ¥ - This
tensor component is forbidden by the crystal point group and vanishes in microscopic
calculation of optical response as a result of summation over all available initial g¢-
states [Blank, 91]. In fact the interaction of light with this structure is time-non-

reversible. This may be seen from the following simple analysis.

Let us reverse the scenario of light-matter interaction with respect to time. Electron
and photon momenta and spin are odd with respect to time inversion (T = -T: k =-k;
q=-q, 0 = -0) [Lax, 74]. For example, the transition which is time-conjugated to m,’
= 3/2=m;* =1/2, should appear in the time reversed scenario as pictured in figure
4.17b. In fact this time-reversed transition does not occur, since due to angular
momentum conservation it requires the opposite handedness of light polarization: m,’
= -3/2=m;° = -1/2 must be promoted by R-polarized light. However, time reversal
does not affect the handedness of light polarization. "Direct" and "time-reversed"
scenarios are not equivalent, the light-matter interaction is time non-reversible. This
is due to the spin-orbit interaction induced splitting of the hole bands in a crystal

lacking P-symmetry.

Figure 4.17c. shows how the excitation diagram figure 4.17a appears if we reverse
time not for the whole system, which includes the light beam and the crystal, but only
for the excitation, i.e. where we reverse the direction of light propagation. This is
the test for reciprocity of the effect. Inversion of the wave vector of the light
symmetrically swaps the positions in the band structure of the transitions for right-
and left-hand polarized components. Now, what was positive right-left birefringence
(dichroism) becomes negative and vice versa. This will lead to change of the sign of
the polarization plane rotation, as was experimentally observed. This effect is
described by the symmetric part of the nonlocality tensor Y’ = 7’ji and manifests

itself as k- linear birefringence/dichroism for linearly polarized light.
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In order to make a theoretical estimate of the value of the optical nonlocality tensor
v on the basis of the above model, we must evaluate the g-odd spin splitting in the
band structure of GaAs in the conditions of the experiments described above
(estimates are not produced for the other materials because of the narrow gap of InSb
and the necessity of accounting for higher bands and non-parabolicity affects which
are beyond the scope of this model, and because consideration of Cd, ;Mn, ,Te would
require understanding of the possible role of the Mn* admixture ions). The following
parameters for GaAs will be used: E, = 1.435eV, m,,=0.57; m, =0.082;
m,.=0.067. The value of the g-vector of the electron involved in the direct optical

valence-conductivity band transition may be estimated in the parabolic approximation
q* = 2mm (ho -E)/((m R ALY (4.38)

where m,, is equal to the mass of heavy hole m,, or light hole m,, for heavy-hole or
light-hole to electron state transitions correspondingly. If the hh-c transition is
promoted by a quantum of energy #iw=2.33 eV (A\=532nm), ¢ = 1.2 10° m'!. Spin
dependent terms cubic in g appear in the conduction band Hamiltonian in the
following manner [Pikus, 84]: §;E=(h/2)¢.Q(q) where ¢ are the Pauli matrices, and

2 is a vector such that

Q) = a¥q,q;-¢)Im@mE)" (4.39)

(cyclic permutation of the indices x,y,z is presumed, o« ~ 6 10°2). The véctor Qis
always perpendicular to the electron quasimomentum. In the experimental situation
described above the splitting in the X direction is §;E = 26 meV. The g-linear terms
are mainly produced by bilinear second-order perturbation terms consisting of the ¢.p

and the spin-orbit terms
E_ = ()am*c){[(VVy)xp] o +[(VV,)xq] -0} (4.40)

(here V,, is the periodic potential of the crystal). The strongest g-linear correction to
the band structure appears in the heavy-hole band [Bir, 74; Cardona, 88]. It is given
by 6,E = 2V2 C,q and by §,E = 3/2vV3 C, g for the L and X directions

correspondingly. Here C, ~ -3.4 103 eVm for GaAs. From these figures one can
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see that in both non-degenerate directions the value of splitting is of order 1 meV.

Since the k-linear contribution to the dielectric tensor e(w, k) = €(w) + v k appears
as the result of g-odd corrections in the band structure E(w, k)= E(w) + 6 1.3E, we
can decompose ¢ = €(E(w)) + (3¢/0E) &, ;E and attribute the nonlocal response to the
second term . Thus (de/dE) §, ;E = v k. Here the partial derivative depends on the
frequency dispersion of the dielectric tensor, but for the purpose of a rough estimate
we may take it as equal to e/Eg, thus l‘Yl = (e 6, 3F)/(k E,). By neglecting the
conductivity electron mass in comparison with the hole mass and by rounding the

numerical coefficients this formula become for g-linear terms:

Y] = (eACm,"ME)(hw-E )" 4.41)

and for g-cubic terms:
ly| = (eAa2m)[(ho —Eg)/Eg]g‘/2 4.42)

The above formula for the g-linear contribution gives an estimated value of y ~
2x107 cm at 532 nm, which is reasonably similar to the observed &P =
4.5x10%m. The formula for g-cubic terms gives, however, the much larger
estimated value of ¥ ~ 4X10%m. The question of which of the two g-odd
contributions considered above actually produces k-linear terms in the optical response
is not resolved by this simple qualitative analysis. The g¢-linear and q-cﬁbic terms
have slightly different symmetry: the first has lower symmetry and lifts degeneracy
along the P-odd (polar) L-direction [111] whilst the second does not. This, together
with the large estimate of the value of iy which we obtain due to g-cubic terms in the
band structure, probably indicates that the g-linear terms are responsible for the k-odd

birefringence. However more comprehensive microscopic and symmetry analysis is

required to demonstrate this conclusively.

A possible explanation of the observed intensity-dependent effect, i.e. increase of the
value of 'y’,-ﬂ of approximately 2% by excitation at 1 MW cm, is re-normalization

of the band structure. Excitation of 1 MW cm™ produces free carriers with a density
p
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of about 2 10'8cm™ leading to squeezing of the band structure of several percent
[Blank, 91] and promotion of electrons by the probe wave to states with a higher
value of the wave vector and consequently to the enhancement of the g-odd
contributions. The relaxation rate of this nonlinearity is controlled by the
recombination of the conductivity electrons which is on a sub-nanosecond timescale

and would explain the observed decay tails.

If this is the mechanism involved, we would expect that the nonlinear effect will be
observable for any polarisation of pump beam, since the density of generated free
carriers is the important factor. Some confirmation that this is in fact the case comes
from recent experiments by S.V.Popov, which are presented here (figure 4.18),
although the author was not involved in their production. They show induced
polarisation azimuth rotation of a linearly polarised probe beam (A=1260 nm) on
reflection from a sample of InSb as a function of crystal orientation in the presence
of a strong circularly polarised pump. The sharp peak at zero delay is due to the
specular inverse Faraday effect, which has a very fast response time in this material.
In addition to this peak, there is a slowly decaying tail which displays the
characteristic cos2¢ orientational dependence of the nonreciprocal effect. In contrast
to the specular inverse Faraday effect, the tail shows the same sign of rotation for
left- and right-hand circularly polarised pump. This confirms that the effect is
observable with at least three different types of pump polarisation and suggests that

it can indeed be produced by a pump of any polarisation state.

In competition with the transient time-nonreversible mechanism described above, one
may consider some others which are also transient, but not necessarily time-non-
reversible. For example, the creation of the dense electron-hole plasma leads to
excitation of a strong acoustical pulse arising mainly due to the concentration-
deformation mechanism leading to the effect of piezo-gyrotropy [Lax, 74]. The
relaxation time of this effect is determined by the typical time of sound propagation
over the absorbtion layer, which is on the order of tens of picoseconds. Another

mechanism may be a longitudinal electrooptic effect caused by the Dember field
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Figure 4.18 Specular Gyrotropic Linear Dichroism induced by a circularly polarised pump in
InSb at A=1260 nm (reproduced by permission of S.V.Popov)

[Seeger, 91]. This surface field appears due to the difference of the electron and hole
diffusivity and is directed normally to the surface. The relaxation time here is close
to the characteristic time of ambipolar diffusion which is on a scale of 10
picoseconds. Neither of these mechanisms seems a likely explanation of the
observations described above, where decay times longer than the pulse length of 80
picoseconds are found in all the materials studied, and, of course, they do not explain
the natural effect. Crystal surface anisotropy [Aspnes, 85] may be another reason for
an alteration of the polarization state of the reflected probe light and its alteration
induced by the pump may in principle give rise to the polarization-affecting
phenomenon observed here. However, the experiments [Bungay, 94a] combining
reflection, single and forward-backward transmission measurements of gyrotropic
linear dichroism in GaAs and investigation of its spectral dependence give backing
to the importance of the bulk nonlocal contribution to specular rotatory power, but
not of the anisotropic surface contribution. In GaAs and InSb a "non-decaying"
component was observed which had the same orientational dependence as the other

components of the induced effect, but a relaxation time which was longer than the
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pulse repetition rate, but faster than the chopping frequency. This "non-decaying"
component might be attributed to alteration of the "natural”" rotation resulting from

heating of the sample by the intense pump pulse.

A topic of interest is any possible role of the Mn* admixture ions in Cd, (Mn ,Te
in the observed effect. As mentioned in chapter 3, the strong coupling of free carrier
spins with the lattice of magnetic ions is responsible for many of the unusual
properties of diluted magnetic semiconductors. Whether they enhance the spin-orbit
splitting on which the effect described in this chapter depends, is a possible subject
for further research. The results obtained above show that the polarisation azimuth
rotation in Cdy ¢Mny ,Te is on the same scale of magnitude of that observed in the
nonmagnetic semiconductors. Since the magnetic properties of CdMnTe are strongly
temperature dependent, a possible topic of further research might be comparison of
the temperature dependence of the natural and induced effects as a function of

temperature.
4.7 Conclusions

The effect of specular gyrotropic linear dichroism (first observed in GaAs
[Bungay,93]) was studied in two new materials (InSb and Cd, (Mn, 4Te) and a pump
induced effect with the same orientational dependence as the linear effect was
observed in GaAs, InSb and Cd;, (Mn, ,Te. This induced effect is interpreted as being
an enhancement to the linear effect produced by renormalisation of the band gap in
these materials due to the creation of a dense electron hole plasma. Theoretical
backing for the existence of this effect comes from studies of the light-matter
interaction Hamiltonian for non-centrosymmetric materials and consideration of the
nonreciprocal nature of the predicted optical consequences of these time-nonreversible

terms.
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Chapter 5
Simulation of Evolution of Partially Polarised Light in Nonlinear
Media

5.1 Synopsis

The work described in this chapter was motivated by papers by Zheludev and Svirko
[Svirko, 94; 94a] on the evolution of partially polarised light in linear and nonlinear
media. Of particular interest was the idea of using partially polarised light as a
diagnostic of broken time-reversibility. It was decided to use a statistical simulation
approach to this problem, rather than the analytical perturbation calculations
performed by Zheludev and Svirko. The development of this approach and some
preliminary results are presented in this chapter. Section (5.2) discusses previous
research into partially polarised light and "depolarisation” of light waves. Section
(5.3) describes a program developed to simulate the evolution of the polarisation state
of partially polarised light in nonlinear media. Section (5.4) describes the results
obtained by the program in the case of an isotropic nonlinear medium and section

(5.5) compares the results obtained with analytical predictions.
5.2 Introduction

In recent years there has been much interest in polarisation instability and chaos [for
reviews: Zheludev, 89; David, 90]. A chaotic distribution of light polarisation was
predicted for two counter-propagating waves in a nonlinear medium, leading to

depolarisation of the light. However, there are also mechanisms not involving chaos
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which can have the effect of "depolarising" light. Crosignani et.al. [Crosignani, 86]
dealt theoretically with the case of fully polarised light whose instantaneous intensity
had an exponential distribution, such as might be generated by a (non-modelocked)
multi-mode laser. They showed that elliptically polarised light with these statistics
undergoes depolarisation in an isotropic nonlinear medium, due to autorotation of the
polarisation ellipse [Maker, 64; Crosignani, 85]. Chernov and Zon [Chernov, 93]
dealt with the behaviour of the same type of light in an anisotropic nonlinear medium.
The use of laser-noise-induced polarisation fluctuations in a nonlinear medium as a

spectroscopic tool has been theoretically investigated [Walser, 94].

Another case of interest is where the initial polarisation state of the light has some
random component i.e. the light is initially only partially polarised. Svirko and
Zheludev bave dealt with the case of light which is a mixture of a totally polarised
component and a totally unpolarised random component with gaussian statistics by
means of analytical perturbation calculations. This might represent the output of a
single mode laser operating close to threshold, where the polarisation state undergoes
random fluctuations due to spontaneous emission. In [Svirko, 94], the use of partially
polarised light in detecting broken time reversibility in linear optical interaction with
solids was discussed. In [Svirko, 94a], the interaction of partially polarised light with
nonlinear media was discussed. In this paper, it was predicted that in an
absorptionless medium with isotropic nonlinear response (and linear response of
arbitrary symmetry), no intensity dependent change of the degree of polarisation
should occur. However, Crosignani et.al. [Crosignani, 86] have calculated that an
elliptically polarised beam with a random intensity profile of arbitrary distribution
propagating in an isotropic nonlinear medium will tend asymptotically (for long
propagation lengths) to a value of degree of polarisation which is equal to the degree
of ellipticity of the input light. This is a practically important case, since isotropic
nonlinearity is a widely accepted model for fibre optics. This seemed an appropriate
starting point of investigation for a computer simulation of the behaviour of partially

polarised light.
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5.3  Simulation of the Evolution of the Stokes’ Vector of Partially Polarised
Light

Figure 5.1 Polarisation ellipse of a light beam; «: polarisation azimuth angle, »: ellipticity angle

The polarisation state of light may be represented by the polarisation azimuth angle
a, the ellipticity angle # and the degree of polarisation r. The definitions of « and 7
in terms of the polarisation ellipse of the light are shown in figure 5.1. « is the angle
of the semi-major axis of the polarisation ellipse to the x-direction, 7 is 'tan'l(A/B)
where 4 and B are the semi-major and semi-minor axes of the polarisation ellipse
respectively. The degree of polarisation r is the ratio between the total intensity of the

light beam and the intensity of the polarised component of the light beam.
In [Svirko, 94a] and here, the intensity and polarisation state of a light beam are

described via the quaternion representation, i.e. in terms of the Stokes’ vector. The

components of the Stokes’ vector are defined by
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A

=y

x -
Figure 5.2 Relationship between «, 4, r and S, S}, S,, S;

- () * =
Sa - <oijfz Ei Ej > (a _031:2:3) (5-1)

where ¢ are the Pauli matrices

o106 o_ 10 o 0L _g_~0-i 5.2
== P0G 9 TG ) G-

and <.> denotes averaging over time [Born, 80]. The Stokes’ vector contains all
information about the state of the light except its absolute phase, which is arbitrary.
The Stokes’ vector approach to the evolution equation of a light wave was first used
in the context of polarisation dynamics in [Kubo, 80, 81]. It was first used to deal

with nonlinear polarisation dynamics in [Sala, 84], and generalised to absorbing and
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nonlocal nonlinear media in [Zheludev, 90]. It has been very widely used in studying
polarisation phenomena [for reviews: Zheludev, 89; David, 90]. Figure 5.2 represents
the polarisation state of the light in terms of the Stokes’ vector components on the
Poincare sphere, and shows the relationship between the Stokes vector components

and o, 7 and r.

In terms of the Stokes’ vector components «, 7, r are:

S

aQ = ltan-l(_2)

2 S,

1. -1 S3
n = —sin" (——)

2 \/Slz +S22+S32 . (5-3)
s

So

To deal with the evolution of partially polarised light in a nonlinear medium the
approach of [Svirko, 94a] (i.e. use of the quaternion representation for the light
polarisation, material and wave equations) was applied to totally polarised light, but
the evolution of partially polarised light was simulated numerically (by randomly
generating instantaneous polarisation states for the unpolarised component of the light
and averaging the results of the evolution of many such states), rather than being

derived analytically.
To model the propagation of light in nonlinear media we start from the equation for

a light wave Zfr)=Ee***' with slowly-varying amplitude E, frequency w and wave

number &, propagating along the z direction in a medium with cubic nonlinearity
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dE, .
T i (uyE;+xy EEE) (5.4)
_ 2nw?
=
kc?

where u; and «y, are determined by the dielectric tensor ¢;, the linear nonlocal

ij’
optical response tensor y iiz» and tensors of the local x® it @nd nonlocal e ijkiz Cubic

nonlinearity of the medium

2
€. - n-d, .
u,= -4 Y +iky,-(}z)

47 (5.5)

_ 3 | )
Ky = (i + K )

Use of equation (5.4) presumes that the light spectrum remains a narrow band around

the central frequency.

The field strength components may be converted to the following quadratic form
which we will call the s-vector: s°‘=o,~j(°‘)E,-*Ej (@=0,1,2,3), where ¢ are the Pauli
matrices. This is similar to the Stokes’ vector S, except that s represents the
instantaneous value of the polarisation of the light, while the Stokes’ vector is defined
for steady state stochastical processes and thus involves averaging over time, i.e.

S=<s>. In terms of s the evolution equation of the light (5.4) becomes

Ee | -Im(Qs, +Q ) -Re(e,, Q,5), a=123 (5.6)
dc o o aPy "°py

ds

E" = -Im(Qs, +Q,s,) , @=123. G.7

where Copy is the Levi-Civita symbol,
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and Q,= Vv + %W“Bsﬁ; a,f = 0...3. All single-beam linear and third order
degenerate nonlinear optical propagation effects may be described by means of

equations (5.6, 5.7).

Equations (5.6, 5.7) may be used to deal with the evolution of the Stokes’ vector S
of partially polarised light if time averaging is replaced by ensemble averaging, in
accordance with the ergodic theorem [Goodman, 85]. The conditions for a process

to be considered ergodic are:

a) the ensemble is strictly stationary i.e. the k-th order joint probability density

function is independent of the time origin for all &

b) the ensemble contains no strictly stationary sub-ensembles which have probability

other than zero or one.

Both these conditions are met by thermal light. The evolution of the polarisation state
of a single wave, taking account of linear and third-order nonlinear terms, is always
described by a continuous and single-valued function of the initial conditions
[Tratnik,87]. Hence, a single region in the Poincare sphere may change shape but will
not split into two or more separate regions during propagation. Therefore, if condition
b) is met at the input to the medium, it will be met at any point during propagation
through the medium [Svirko, 94a]. Hence, the polarization state of the light may be
found in terms of the Stokes vector S by taking the average value of s for a large

number of randomly generated cases.

A computer program was written in order to model the behaviour of partially
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polarized light propagating through a medium. The program was written in Pascal,
using double precision variables (15 significant figures). The program allows the user
to input the components of the material tensors € 'y(”,-jz, x(3),-jk, and I‘(3),-jk,z, and the
length of propagation of the light through the medium. The user may also specify the
intensity I and the polarisation state of the light, either by specifying polarization

ellipse azimuth angle «, ellipticity angle n and degree of polarisation r, or in terms

of the components of the Stokes’ vector.

As in [Svirko, 94; 94a] we consider incident light as consisting of a totally polarized
part E,; and an unpolarized part §E: E=E,+6E. This might represent a single mode
laser with spontaneous emission noise. This partially polarized light is simulated by
adding a randomly generated component with Gaussian statistics (representing the
unpolarized component) to a fixed polarization component. A random polarization
state is generated as 2 orthogonal (0E,, 0E,) independent phasor field components. A
circular gaussian random phasor v;+i.v, (i.e. a number composed of 2 independent
gaussian random variables with zero means and equal variances) is generated by
applying the Box-Muller transformation [Box, 58] to a pair of uniform deviates (,,

u,) in the range O<u<1:

v = (S UAPRy 2 cos2 v u,) (5.9

v, = ‘/So(l —-r)/2‘/ -2Inu,sin(2 © u,)

The real and imaginary parts of each field component have gaussian probability
distributions with equal variances. Hence, the probability distribution of the phase of
each field component is uniform in the range 0<¢ <27 and the amplitude has an
exponential distribution. The random polarization component therefore has the
statistical properties of unpolarized thermal light, which, since it is composed of a
very large number of independent randomly phased contributions, has zero mean
circular gaussian statistics [Mandel, 63; Goodman, 85]. The variance of the gaussian

distribution is chosen to match the specified magnitude of the unpolarized component.
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The uniform deviates u;, u, were generated using a linear congruential generator
whose output was shuffled [Press, 86]. A linear congruential generator produces a
sequence of (pseudo-)random numbers according to a formula of the form u;=X,/m,
X;.;=(aX;+c), mod m. The values output by the linear congruential generator are
stored in an array. In the first call to the random number routine, another randomly
generated number is used to select one of the stored numbers as the output of the
routine. In subsequent calls to the routine, the previously output number is used to
select a stored number. A new random number is generated by the congruential
generator to refill the entry in the array that has been used. The shuffling was
performed to avoid the pathology associated with combining linear congruential
generators with the Box-Muller transformation [Bratley, 87]. Since it involves
periodic functions, applying the Box-Muller transform to the output of a linear
congruential generator will produce a distribution of v,, v, all of which fall on a
spiral. Shuffling the numbers generated removes sequential correlations between
them, removing this problem. In general, it is difficult to be sure that there are no
problems associated with applying the output of a particular random number generator
to a particular problem. A simple way to be confident of the results obtained is to
compare the results of applying a generator based on a different principle to the same
problem. Substitution of a random number generator based on a subtraction method
[Press, 86] did not affect the results obtained in section 5.4 below. The phasor
components E,;,, E,, of the fixed polarization component are calculated from the
values of S;, S, S; which were input by the user. These are added to the randomly

generated component to create the instantaneous polarization state.

In general, the differential equations (5.6, 5.7) are solved numerically by means of
the fourth-order Runge-Kutta method [Press, 86]. However, for the specific case of
an isotropic nonlinear medium, an analytical solution was used (see section 5.4

below), greatly increasing the speed of the program.

The computer program was tested for accuracy by comparing the results obtained

with analytical solutions to the evolution of the polarisation state for a variety of
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simple cases such as linear birefringent or optically active media and for the case of
fully polarised light in an isotropic nonlinear medium. The generated results agreed

with the analytical solutions to an accuracy of 1071%-

5.4  Evolution of Partially Polarised Light in an Isotropic Nonlinear medium

An important aim of developing the program described above was to test the
predictions made in [Svirko, 94a]. It was decided to concentrate on the simplest
possible example of a nonlinear medium. The case of a dissipationless isotropic
medium with cubic nonlinearity and no nonlocality or dissipation was examined:
Refe, }=Refe, }, Im{e}=0, y=0, Re{x" .} =3Re{x?,.}, Im{x*)}=0. This has
the advantage that there exists an analytical solution to the evolution equations of the
s-vector. Hence, time-consuming numerical solutions of the evolution equations need
not be found, allowing a large number of runs to be performed in a relatively short
time. In terms of the s-vector, using equations (5.6, 5.7) above, we find that the

evolution equations for this case are:

ds, ds ds ds
_9 = , __l. = —2xs3s2 , .._2 = 2xs3sl , .__2 = 0 (5-10)
dg d¢ dg dg
Solving the simultaneous differential equations we dbtain:
d2
_% = ‘(2XS3)25‘1
d¢ (5.11)
d’s _ -@Qxs,)’s,
di?

It can be seen that while s; remains constant s, and s, oscillate in phase quadrature
with a frequency proportional to xs;. This is equivalent to the instantaneous

polarization azimuth direction of the light o= (1/2)tan’! (s,/s;) rotating

da = xs5,{ (5.12)
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The final values of the Stokes vector components after propagation are

So = So,init
‘/sz —s? s
_ Q,init “3,init -1472,init
§) = Somy ———— cos(tan =42y, L)
0,init L,init
R ) (5.13)
_ 0,init” ©3,init_. -14°2,init
Sy = So.mi sin(tan ™} }+2xs3,im.tl,‘)
0,init 1,init
S3 = S3,init

The effect of propagation through this medium on the averaged polarization vector
S was obtained for light with polarization S;=rS,, S,=S;=0, for a variety of initial
values of degree of polarization r. To obtain the values of S for each case the results
of calculations of the evolution of s for 10° randomly generated polarization states
were averaged. It was found that the effect of isotropic x* is to decrease the degree
of polarization of the light, the speed of the decay depending on the initial value of
r. Figure 5.3 shows the change in r for various initial values of r as a function of the
dimensionless constant (d/)\)x(3)So where d is crystal length. These results may be

explained as follows:

The effect on the instantaneous polarization state is to produce a rotation of the
orientation of the linear polarization component of light proportional to the magnitude
of the circular polarization component s;. Since partially polarized light has a spread
of values of s;, the distribution of the instantaneous azimuth direction of the
polarization is broadened as it passes through the medium: instantaneous polarization
states with positive s; have the direction of their polarization ellipse rotated in one
sense, while those with negative s, are rotated in the opposite sense. If we view the
polarization state of the light by plotting it in the space defined by s,,s,,5;, then as
the light wave passes through the medium, the distribution of polarization states

becomes an increasingly tightly wound spiral wrapped around the s; axis (figure 5.4).
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Figure 5.3 Evolution of the degree of polarisation r of initially linearly polarised light in an
isotropic nonlinear medium as a function of a dimensionless constant

This causes the averaged value S, to decrease as the beam propagates through the
nonlinear medium, tending to zero for long distances. Since for the case we are
considering S, and S; are zero (and remain zero during propagation) this means that
r decreases. The speed at which this decay occurs depends on the variance of s, and

hence on the average intensity of the randomly polarized component of the light.

It is important to note that, although r becomes small, there remains a relationship

in the output light between the instantaneous value s; and the instantaneous values s,
5. This clearly distinguishes the output light from conventional unpolarized light. The
initial high value of r could be restored by passing the output light through another

medium with the opposite value of isotropic x. For light with the same value of 7,
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but consisting of a linearly polarized component superimposed on a component with
random polarization (i.e. of the same form as the originally input light), where there
is no relationship between the values of the different stokes vector components the
value of r would decrease during propagation through this medium exactly as it would

if the light were input into the original medium.

It is also worth noting that the volume occupied by the distribution of polarization
states in the space defined by s,, §,, 5; remains unchanged during propagation in the
isotropic nonlinear medium. This can be simply demonstrated if we consider that all
states with a particular value of s; will be rotated around the s; axis by the same
amount. The area of all cross-sections through the distribution perpendicular to the
53 axis will be unchanged, and hence the total volume occupied by the distribution of

instantaneous polarisation states will not change.

5.5 Comparison with Analytical Results

In [Svirko, 94a], a number of conclusions were drawn about the evolution of a light
wave in a nonlinear medium. It was stated that totally polarised light will remain
totally polarised in any linear or nonlinear medium. Changes in the degree of
polarisation of partially polarised light may occur in an absorbing medium, and
intensity-dependent change in degree of polarisation may occur in a medium which
displays nonlinear absorption. It was also concluded, however, that in an
absorptionless medium with isotropic nonlinear response (and linear response of
arbitrary symmetry), intensity-dependent change in degree of polarisation will not
occur. This last conclusion is not supported by the results of the computer simulation

described above.

We believe that the approach developed in [Svirko, 94a] is essentially sound, and that
the above discrepancy originates from limitations placed on the scope of applicability
of this approach by the assumption made that the statistical properties of the light do

not change significantly during propagation. In [Svirko, 94a] it was found that
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Figure 5.5 First derivative of the degree of polarisation of initially linearly polarised light

propagating in an isotropic nonlinear medium as a function of (d/)\)meo
changes to the statistical properties of the light give rise to terms in the evolution
equations of the Stokes’ vector of order (xS,)? and higher which may alter the
degree of polarisation of the light. The main terms resulting from the nonlinearity of
the medium, of order xS, do not change the degree of polarisation of the light. In
[Svirko, 94a] the higher order terms in x* are neglected on the basis that for most
nonlinear optical problems x(3)S0< 1. Correspondingly, the alteration of degree of
polarization mainly results from the linear anisotropy while nonlinear effects lead only
to small corrections. While this assumption may be considered reasonable in most
situations, in cases where the third order nonlinearity is the sole or main cause of

polarisation alteration, it is not safe to neglect the higher order terms in x®.

Hence, the case where the degree of polarization alters due only to the nonlinearity
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Figure 5.6 Asymptotic values of degree of polarisation r for light propagating in an isotropic
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of the medium requires consideration of the higher order terms in x®. In an isotropic
dissipationless medium the linear anisotropy vanishes and the spatial evolution of the
polarization of the wave is determined by the third-order nonlinearity only. To
calculate the spatial evolution of the degree of polarization one must take account of
terms of higher order, i.e. take into consideration the transformation of the
probability distribution function of the totally depolarized component of the light
wave. This gives corrections to the equations for the Stokes parameters proportional
to (x*®S,)?. This may be seen from figure 5.5 which presents the dependence of the
derivative of the degree of polarization against (d/)\)x(3)S0 . Specifically, this
derivative is equal to zero at zero intensity of the light wave, i.e. the degree of

polarization is a function of (x®)S,)P where p> 1.
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Comparison of results obtained by the computer program was also made with the
asymptotic values of degree of polarisation calculated by Crosignani et.al.
[Crosignani, 86]. Figure 5.6 shows a plot of the final degree of polarisation of
initially partially polarised light with various initial values of Sj, after propagation
through a very long isotropic nonlinear medium. The results obtained match the
prediction of Crosignani that the asymptotic degree of polarisation of elliptically
polarised light with an arbitrary intensity distribution will tend asymptotically to the

initial value of S;.
5.6 Conclusions

A computer program based on the quaternion description of the light polarisation,
constitutive equation and the wave equation and suitable for calculation of evolution
of partially polarised light has been developed. The program was used to simulate the
behaviour of partially polarised light in an isotropic nonlinear medium. It was found
that the partially polarised light undergoes a decrease of its degree of polarisation.
This is explained by the fact that the nonlinear interaction significantly changes the
statistics of the distribution of the instantaneous polarisation state of the light from the
initial gaussian condition. In order to develop an analytical approach to this
phenomenon the scope of the theory developed in [Svirko, 94a] would have to be

expanded to include consideration of terms of order (x)? and higher.’
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Chapter 6
Summary and Further Work

6.1 Summary of Results

A novel reflective configuration polarimeter for pump-probe measurements was
developed. The polarimeter was used in conjunction with two lasers; a Nd:YAG laser
producing 80 picosecond pulses, and a specially constructed femtosecond modelocked
Ti:Sapphire laser. Determination was made of the sensitivity and time resolution of
the polarimeter in its various configurations. Sensitivity to pump-induced reflected
probe polarisation rotation of <10 radians combined with time resolution up to 70
femtoseconds was achieved. The limit on sensitivity is set by laser noise. Time
resolution of 30 femtoseconds was achieved by reducing the amount of dispersion
arising from the components of the polarimeter, with loss of sensitivity of
approximately an order of magnitude. The polarimeter has been tested in a variety of
spectroscopic configurations and with different types of materiéls (metals,
semiconductors and superconductors) and was found to be a useful tool for the
investigation of the transient nonlinear optical properties of opaque materials. A new
type of optical autocorrelator based on ultrafast nonlinearity in metallic nickel and use
of the Specular Inverse Faraday effect was designed, and used to measure the pulse
lengths of femtosecond lasers with wavelengths 810 nm and 1260 nm. This
autocorrelation technique has the potential to be used over a wide wavelength range

in the visible and infrared.

The recently developed spectroscopic polarimetric technique of the Specular Inverse

Faraday effect was used to study a variety of materials. The semimagnetic
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semiconductor Cd,y ¢Mny, ,Te and the high T, superconductor YBaCuO,_; were studied
with 80 picosecond time resolution at a wavelength of 532 nm. Values of degenerate
x® of 2.5 10 esu in Cdy ¢Mny 4Te and 8.4 10 esu in YBaCuO, ; were found. No
dynamics were resolved in either material with this time resolution. The
thermalisation and spin-relaxation dynamics of the Specular Inverse Faraday effect
were investigated with an unprecedented 70 femtosecond time resolution in the
semiconductor GaAs. A complex response involving an initial positive rotation which
decayed over a few hundred femtoseconds and a negative rotation with a decay time
of 10 picoseconds was observed. A model of free carrier population dynamics was
outlined to interpret these results. The ferromagnetic metal Ni was studied with 32
femtosecond time resolution at a wavelength of 810 nm. A strong (x® ~2 10 and
exceptionally fast (7<30 fs) nonlinearity was found. This raises the possibility of
using this material in optical switching, or for optical autocorrelation measurements,

as described above.

Investigations were undertaken into natural and light induced reflective anisotropy in
zincblende structure crystals. The natural effect, which had previously been observed
in GaAs, was observed in InSb and Cd; (Mn, 4. Transient measurements of induced
anisotropy, its orientation dependence and intensity dependence were made in GaAs,
InSb and Cdy ¢Mn, 4Te. At A=532nm the natural rotation was observed to have a
value of 6.4 10™rad corresponding to 'styz (natral) =4.5%X10°8 cm in GaAs, 3.2 10
rad corresponding to Yy, @amra) = 2.0x10% cm in InSb and 5 10%*rad
corresponding to %, (nawral) = 2 10%cm in Cd,y (Mn, ,Te. The pump induced effect
was observed to have values of 1.1x 107! rad cm?W-! in GaAs, 4.3 x10!'rad cm?*W!
in InSb and 6 10! rad cm?W! in Cd,, (Mn, ,Te. A phenomenological picture of light
propagation and a microscopic picture of optical transitions in zincblende structure
materials have been developed to explain the linear and nonlinear effects. This
allowed attribution of the observed anisotropic effects to the time-nonreversible
phenomenon of gyrotropic linear dichroism. The induced effect decays on the
timescale of carrier recombination and is interpreted as being an enhancement to the

linear effect produced by renormalisation of the band gap in these materials due to
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the creation of a dense electron hole plasma. Theoretical backing for the time-
nonreversible nature of this effect comes from studies of the light-matter interaction
Hamiltonian for non-centrosymmetric materials and consideration of the nonreciprocal

nature of the predicted optical consequences of these time-nonreversible terms.

A computer program based on the quaternion description of the light polarisation,
constitutive equation and the wave equation and suitable for calculation of evolution
of partially polarised light was developed. The evolution of the polarisation state of
partially polarised light during propagation in an isotropic medium with cubic
nonlinearity has been investigated in detail and compared with published analytical
and semi-analytical data. It was found that the partially polarised light undergoes a
decrease of its degree of polarisation. This is explained by the fact that the nonlinear
interaction significantly changes the statistics of the distribution of the instantaneous

polarisation state of the light from the initial gaussian condition.

6.2 Further Work

There exists the possibility of further improvement of the time resolution of the
polarimeter by means of the use of negative dispersion to compensate for the
remaining dispersion of the elements of the polarimeter and of the laser output
coupler. This might be achieved by the use of a prism pair, as in the Ti:Sapphire
laser cavity. Whether this complication of the design of the polarimeter is considered
worthwhile depends on the decay times of the phenomena being investigated. It might
well prove useful for investigations of nonlinearities in metals, which have been found
to be effectively instantaneous with the time resolution currently available.
Improvement to the resolution of the polarimeter might be achieved by using a much
higher modulation frequency, since noise levels might be expected to be lower at

higher frequencies.

The Specular Inverse Faraday effect has proved to be an effective means of

investigating the optical properties of opaque materials. In the light of the strong and
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very fast nonlinear response in nickel, in the range required for all-optical switching
applications, a major project investigating nonlinearities in a wide variety of metals
is in prospect. Measurements of nonlinearity by this technique have already been
made in several metals using a femtosecond Cr:Forsterite laser [Zheludev, 95;

Bennett, 95].

Understanding of the effect of specular gyrotropic linear dichroism may be enhanced
by extending the investigation to a wider variety of materials. Linear experiments are
currently in progress in the 23 point group materials BGO (Bi;;GeO,;) and BSO
(Bi},Si0,y), where gyrotropic linear dichroism may be observed on a background of

natural optical activity.

The program simulating the evolution of partially polarised light clearly has the
potential to be applied to more complicated cases than that of simple isotropic
nonlinearity. A case that may be worth studying, for example, is that of partially
polarised light propagating in a nonlinear medium with weak birefringence, where
polarisation instability may be observed [Sala, 84]. It might also be interesting to
extend the program to deal with light with different statistical properties (e.g. partially
polarised thermal light).
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PUMP-PROBE REFLECTIVE POLARISATION SENSITIVE
MEASUREMENTS WITH MICRORADIAN ANGULAR SENSITIVITY AND
FEMTOSECOND TIME RESOLUTION: A NEW TECHNIQUE FOR THE
SPECTROSCOPY OF OPAQUE SOLIDS

A.R.Bungay, A.Malinowski, S.V.Popov, B.D.Rainford and N.I.Zheludev
Department of Physics, University of Southampton
Southampton SO17 1BJ, UK

Abstract

A new pump-probe polarisation sensitive spectroscopic technique for the transient
reflective nonlinear spectroscopy of opaque solids is reported. We present the first
measurements of the transient specular inverse Faraday effect in bulk GaAs and the
instantaneous effect in metallic Nickel.



Polarisation sensitive techniques in the nonlinear spectroscopy of solids are well
known both in transmission [1-8] and on reflection [9-17]. In this paper we report on
progress in a relatively new spectroscopic method which is based on the specular
inverse Faraday effect (SIFE). The SIFE is the nonlinear optical phenomenon of
rotation of the polarization azimuth of a weak probe wave reflected from a medium’s
surface resulting from stimulation of the medium by a circularly polarized pump wave
[10,18,19]. This technique is promising for the study of opaque materials. The time-
integrated effect has recently been demonstrated with ~80 ps optical pulses in various
solids including CuCl and Hgl, [10], InSb and GaAs [13], YBa,Cu30, 5 [14] and Cd,_
«Mn, Te [15]. Here we report, for the first time, transient SIFE measurements. A time
resolution of 60 fs was achieved.

The SIFE technique involves accurate detection of the probe polarisation azimuth
rotation. Our polarimetric approach relies upon the simultaneous modulation of two
parameters: the probe beam polarisation azimuth and the pump beam intensity. The
signal is recovered by phase sensitive detection at the sum frequency of the
modulations. The polarimeter is based on a single birefringent calcite prism (Cotton
prism) acting as both polariser and analyzer (see figure 1). The light source was a
Kerr-lens mode-locked Ti:Sapphire laser, pumped by an argon-ion laser, producing 40
fs pulses at wavelengths centred at A=810nm. In the polarimeter, the laser beam was
split into pump and probe. Both the pump and probe passed through the birefringent
prism initially acquiring a linear polarisation with purity better than 10°. The probe
beam was directed normally to the crystal surface and reflected back through the
polarisation prism. The polarisation of the pump beam was set as circular using a first
order waveplate. It was focused on the sample to a spot diameter of 20um by the same
lens as the probe beam. The pump intensity and the incident probe polarization
azimuth were simultaneously modulated at Q,=1.8kHz by a chopper and Q,=6.2kHz
by a Faraday modulator (FM) respectively. The orthogonal polarisation component of
the reflected probe was directed to the photodetector, the output of which allowed
measurement of the reflected probe beam polarisation azimuth rotation by phase-
sensitive detection at the sum frequency, Q,+Q,=8kHz, which may be understood as
follows. Directly after the polariser, the probe light is linearly polarised along the x
axis and may be represented by the Stokes vector I{1;1;0;0}. The probe polarisation
azimuth is modulated by a Faraday cell (FM) which cosinusoidally alters the
polarisation azimuth of the light by an angle $=2AcosQ,t, where A is the amplitude
of the modulation and this is doubled because the beam is reflected back through the
Faraday cell. The Stokes vector of the light emerging from the Faraday cell after
reflection from the sample and the second pass through the modulator is given by

r 3

1

cos2¢cos2o, cos2n, +sin2¢sin2o cos2n, a)
I

-sin2¢cos2a,cos2n, +cos2¢sin2o cos2n,

S

=

sin2n,

L

where 1 is the reflected light intensity, o is the probe polarisation azimuth rotation
and 7, is the ellipticity angle which have changed as a result of reflection from the
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sample and which are being measured. The reflected signal is analyzed using the same
birefringent prism which is equivalent to a polariser oriented in the y direction if the

orthogonal polarisation component is picked up. The overall light intensity emerging
from the analyzer is

I
I out =5r(1 -cos2¢cos2arcos2n . -—sin2¢sin2arcos2n ) )

Assuming that o, n, and A < n,

Iou=1,[8A 2~40, AcosQ, t+8A 20520, 1] )

which contains components on both the modulation frequency, Q,,

[(Q)) = -4a,] AcosQ,t 4)

and on its second harmonic

Iouw(2Q)) = 81A%c0os2Qt. ©)

In order to detect only pump induced rotation of the probe polarisation azimuth, we
now introduce the pump intensity, I (t)=‘/zIp(l+cos§22t), which is modulated at
frequency Q,. The pump induced rotation depends on the intensity of the pump and
may be represented by oy 4 = plp(t) where p is a constant. Substituting I (t) into
equation (4) shows that the output of the photodiode has a component oscilfating at
the sum frequency, Q,+Q,, the amplitude of which is proportional to the stimulated
component of the probe polarisation azimuth rotation, o, 4 and is given by

Ipp(Q,+9,) =AL ay ycos(Q +Q)t. (6)

The induced probe polarisation rotation may be directly measured by phase sensitive
detection of the photodiode output at the sum frequency Q,+Q,. This signal is only
sensitive to polarisation azimuth rotation and is not affected by any induced ellipticity.

The time domain evolution of the probe beam polarisation azimuth rotation due to the
incoherent SIFE was studied by delaying the probe pulse with respect to the pump
pulse using a variable corner cube delay line. The coherent component of the SIFE
rotation was suppressed using the technique explained in [14]. Test experiments
measuring the SIFE in a sample of Nickel, a material with effectively instantaneous
nonlinear response (see figure 2), gave the temporal resolution of the polarimeter of
60 fs which is slightly longer than the laser pulse duration of 40 fs. This difference
is attributed to the group velocity dispersion of the optical elements of the polarimeter.
The practical limit on the angular sensitivity is set by the laser noise



LASER ENPx(8A2+h
0‘min = ( ) (7)
PL xyT x4A

where h is the extinction ratio of the prism, T is the lock-in integration time and
ENP/P is the relative equivalent noise power of the laser at the frequency of the lock-
in detection which was measured as 5.107 + 1.10* Hz"%. This gives a practical limit
on the sensitivity of the polarimeter in the range 2.10”7 + 4.10°7 radians which is ten
times higher than the quantum limit .

The transient SIFE was observed in bulk GaAs. GaAs is opaque at 810 nm
(hw=1.53eV) with light penetration depth of about 1 um. This photon energy is 0.12
eV above the band gap, allowing excitation of electrons from the light and heavy hole
bands but not from the split-off valence band. Pump intensities in the range from 0.7 -
5 GW cm™ were used corresponding to estimated optically induced free carrier
concentrations of up to 6.10'® cm™. The corresponding reflected probe polarization
azimuth rotation and its behaviour in the time domain is shown in figure 3 for I_ =
5 GWem™. The induced rotation shows a bipolar time dependence which may be
clearly decomposed into two parts. The first is a sharp positive peak which rises with
the pump pulse and decays with a relatively fast tail of approximately 30-60 fs. The
second component is negative and relaxes with an 11ps decay time. This relaxation
time was independent of the pump intensity within our experimental range and
accuracy. Figure 3 also shows "peak” values of the polarisation azimuth rotation as a
function of intensity at zero and 1.5 ps pump-probe delays. Reversal of the pump
chirality gave similar results but with the sign of probe polarization rotation reversed.

Interpretation of these observations is based on the fact that the rotation of reflected
polarization is proportional to the difference between the absorption coefficients for
the right and left circular components into which the initial linear polarization state of
the probe may be decomposed [18,19]. A microscopic model, which is due to be
published shortly [20] is based on a six band model of the GaAs band structure. It
attributes the slow decay of the second peak to the electron spin relaxation, which was
measured here to be 1111 ps, and the fast decay of the first peak to at least two
separate mechanisms: the hole spin relaxation and the intraband carrier thermalisation.

In conclusion, a new polarisation sensitive technique for the spectroscopy of opaque
solids based on the transient specular inverse Faraday effect has been demonstrated.
It allows extraction of information about the dynamics of the nonlinear optical
properties of various opaque media. At present, 1 pradian sensitivity to polarisation
azimuth rotation and 60fs time resolution is reported. We observed, for the first time,

the transient specular inverse Faraday effect in GaAs revealing electron and possibly
hole spin dynamics.

This work is funded by the Engineering and Physical Sciences Research Council grant
numbers GR/J26854 and B63-R421 as well as the R.W.Paul instrument fund. The
authors are grateful to R.T.Harley for fruitful discussion.
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Figure Captions

1.

2.

Outline of the polarimeter.

SIFE in Nickel. Appears as an instantaneous cross-correlation of the pump and
probe pulse and gives the temporal resolution of the polarimeter of 60 fs.

Transient SIFE in GaAs. On the right: a) shows the intensity dependence of the

magnitude of the first peak (at the moment of stimulation); b) shows the
intensity dependence of the SIFE at 1.5 ps delay.
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