




Abstract

This work is dedicated to a tool to get information about the spin system ground state with the help

of optics: spin noise spectroscopy. Its primary goal is to characterize the virtually undisturbed spin

dynamics by obtaining parameters of spin fluctuations in thermal equilibrium.

The homodyne detection scheme with phase stabilization is utilized to improve the responsiveness

of the polarization analysis in spin noise spectroscopy. By providing power to the local oscillator,

it is possible to overcome the electronic noise and effectively increase the acquired signal - without

additional disturbance in the probed spin system while the beam bypasses the sample. This possi-

bility allows the work with lower probing power densities, approaching the desired nonperturbing

regime. An improvement larger than half an order of magnitude is present for a bulk n-doped

GaAs for small probe intensities. Phase manipulation and stabilization make it achievable to choose

the desired parameter - Faraday rotation, ellipticity or a mixture - from the experiment. It avoids

otherwise necessary modifications in the arrangement of the optical components.

This improved technique examine further the fundamental characteristics of the spin noise signal

construction by obtaining various angular dependencies of the scattered light. The distributed

Bragg reflector forming a microcavity amplifies the light-matter interplay, making it possible to

detect spin noise from an ensemble of n-doped (In, Ga)As/GaAs quantum dots reliably and extract

weak effects. As a proof of principle, we performed an observation of pure scattered field (outside

of the transmitted light aperture), as well as extraction of the primary electron spin properties,

g-factor and spin dephasing time. We also studied the impact of the microcavity on the spatial and

spectral dispersion of the scattered light intensity. Additionally, the interplay of two beam resonance

excitation was considered for the potential signal enlargement capabilities.

From that point, the interest in the work is shifted in the direction of probing new systems and

their characterization. The fundamentals of the spin noise spectroscopy is transcription of the

spin-system magnetization on the angle of the Faraday rotation, which should be sufficient to be

measurable. The presence of such a sufficiency can not be extracted from linear magneto-optical

effects, which is especially crucial in inhomogeneously broadened systems, exhibiting the spin

noise gain effect. In this part, the connection between the spin noise gain effect and the behavior

of the nonlinear resonant Faraday effect is established, allowing us to predict the applicability of

the spin noise spectroscopy to this type of paramagnet. The experimental evidence is based on

intraconfigurational (4f -4f ) transitions of the trivalent rare-earth ions of neodymium and ytterbium

in fluorite-based crystals, approving the theoretical estimations.

At last, spin noise spectroscopy is applied to materials conventionally studied by means of the

electronic paramagnetic resonance spectroscopy – dielectrics with paramagnetic impurities, which

were thought of as inapplicable for the spin noise spectroscopy before. Such belief was founded on

their low specific Faraday rotation for strong optical transitions. This work demonstrates that for

forbidden intraconfigurational transitions, one can see the spin noise spectroscopy due to the spin

noise gain effect, which is proportional to a relation of inhomogeneous linewidth to the homogeneous

one and can be as high as ∼ 108 in the mentioned system. The requirements for the optical setup to

unlock such measurements are discussed, along with the potential applications. Finally, a method

is present to simplify the identification of obtained spectra components. Due to the discovered

fact that the sum of squares of the magnetic resonance frequencies stays the same for any direction

of the magnetic field in cubic crystals with anisotropic impurity centers, if the magnitude of the

field is constant, one can match the peaks to corresponding types of centers. The relation between

the invariant and the g-tensor components were derived for various kinds of centers and proofed

experimentally with the spin noise spectroscopy on a cubic CaF2-Nd3+ crystal.



Zusammenfassung

Diese Arbeit ist einem Werkzeug gewidmet, das mit Hilfe der Optik Informationen über den

Grundzustand von Spinsystemen liefert: der Spinrauschspektroskopie. Ihr Hauptziel ist es, die

praktisch ungestörte Spindynamik zu charakterisieren, indem die Parameter der Spinfluktuationen

im thermischen Gleichgewicht ermittelt werden.

Das Homodyn-Detektionsverfahren mit Phasenstabilisierung wird eingesetzt, um die Reakti-

onsfähigkeit der Polarisationsanalyse in der Spinrauschspektroskopie zu verbessern. Durch die

Erhöhung der Leistung des lokalen Oszillators werden das elektronische Rauschen überwunden

und das erfasste Signal ohne zusätzliche Störungen im untersuchten Spinsystem effektiv erhöht.

Diese Möglichkeit erlaubt die Arbeit mit niedrigeren Leistungsdichten. Eine Verbesserung von

mehr als einer halben Größenordnung ist für ein n-dotiertes GaAs bei kleinen Sondenintensitäten

nachgewiesen. Durch Phasenmanipulation und Stabilisierung wird den gewünschten Parameter -

Faraday-Rotation, Elliptizität oder eine Mischung - aus dem Experiment gewählt. Es vermeidet

ansonsten notwendige Änderungen in der Anordnung der optischen Komponenten.

Mit dieser verbesserten Technik werden die grundlegenden Eigenschaften der Konstruktion des

Spinrauschensignals weiter untersucht, indem verschiedene Winkelabhängigkeiten des gestreuten

Lichts ermittelt werden. Ein verteilte Bragg-Reflektor verstärkt die Wechselwirkung zwischen Licht

und Materie. Der ermöglicht das Spinrauschen eines Ensembles von n-dotierten (In, Ga)As/GaAs-

Quantenpunkten zuverlässig zu erfassen und schwache Effekte zu extrahieren. Als Grundsatzbeweis

sind eine Beobachtung des reinen Streufeldes (außerhalb der Durchlichtapertur) sowie die Extraktion

der primären Elektronenspineigenschaften, des g-Faktors und der Spin-Dephasierungszeit durch-

geführt. Der Einfluss der Mikrokavität auf die räumliche und spektrale Streuung der Streulichtin-

tensität wird untersucht. Zusätzlich wurde das Zusammenspiel von Zweistrahl-Resonanzanregung

für die potentielle Signalvergrößerung betrachtet.

Von diesem Punkt aus verschiebt sich der Schwerpunkt der Arbeit in Richtung der Erforschung

neuer Systeme und ihrer Charakterisierung. Die Grundlage der Spinrausch-Spektroskopie ist die

Transkription der Magnetisierung des Spinsystems auf den Winkel der Faraday-Rotation, die für

Messbarkeit ausreichend sein sollte. Das Vorhandensein einer solchen Suffizienz kann nicht aus

linearen magneto-optischen Effekten abgeleitet werden, was besonders in inhomogen verbreiterten

Systemen, die den Spinrausch-Verstärkungseffekt aufweisen, entscheidend ist. In diesem Teil wird

die Verbindung zwischen dem Spinrausch-Verstärkungseffekt und dem Verhalten des nichtlinearen

resonanten Faraday-Effekts hergestellt. Dies vorhersagt der Anwendbarkeit der Spinrauschspek-

troskopie auf diese Art von Paramagneten. Die experimentellen Beweise bestätigen die theoreti-

schen Abschätzungen und basieren auf intrakonfigurationalen (4f -4f ) Übergängen der dreiwertigen

Seltenerd-Ionen von Neodym und Ytterbium in Kristallen auf Fluoritbasis.

Schließlich wird die Spinrauschspektroskopie auf Dielektrika mit paramagnetischen Verunrei-

nigungen angewandt. Diese Materialien, der Standard der elektronischen paramagnetischen Re-

sonanzspektroskopie, galten bisher ungeeignet für die Spinrauschspektroskopie wegen ihrer gerin-

gen spezifischen Faraday-Rotation für starke optische Übergänge. Diese Arbeit zeigt die Spin-

rauschspektroskopie auf verbotenen intrakonfigurationalen Übergängen aufgrund des Spinrausch-

Verstärkungseffekts, der proportional zum Verhältnis der inhomogenen Linienbreite zur homogenen

Linienbreite ist und in dem genannten System bis zu ∼ 108 betragen kann. Die Anforderungen

an den optischen Aufbau sowie die möglichen Anwendungen werden diskutiert. Die Methode für

die Identifizierung der erhaltenen Spektralkomponenten ist vorgestellt. Die Beziehung zwischen

den Invarianten und den g-Tensorkomponenten wurden für verschiedene Arten von Zentren abge-

leitet und experimentell mit der Spinrauschspektroskopie an einem kubischen CaF2-Nd3+-Kristall

nachgewiesen.
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1 Motivation

1.1 General introduction

Spin Noise Spectroscopy (SNS) is a method in development; there are still lots of white places,

which need to be addressed. The working principle of SNS can be explained as an impact of

magnetization fluctuations on (linear) polarization of laser light by means of the Faraday rotation.

SNS is promising due to its principally non-perturbing measurement, which can be used to study

relaxation processes of the system in its ground state. In this thesis, SNS is applied on bulk

semiconductor and semiconductor nanostructures to deepen the understanding of the SN signal

formation. This work also aims for pioneering SNS by extending the class of SNS applicable

systems by crystals doped with rare earth ions.

1.2 Main goals

Our main goal is two-fold. First, the nature of the SN and how does it function in different

conditions. Second, to extend the class of SNS applicable systems. To fulfill the first part of the

goal, we have set the following tasks:

(a) achieve a high polarimetric sensitivity by implementation of the homodyne detection,

(b) proof the scattered nature of SN and scattered light modification by DBR,

To achieve the second goal, we have set the following tasks:

(c) find a connection between Faraday rotation spectrum and SNS applicability,

(d) implement SNS on a system with a high value of the gain factor1.

1.3 What’s known about SNS already

There are several reviews [90, 31, 79] that have extensively covered both experimental and theoret-

ical advances in SNS as of 2017, the short extract is given below.

In 1981, more than 40 years ago, Valerii Zapasskii and Eugene Aleksandrov [4] were the first

who observe the magnetic resonance in an optical Faraday rotation noise spectrum on atomic

vapors. From this alone, it is deduced that the SN signal does not require spin-system polarization.

Therefore, an insignificant (as in high temperatures or low magnetic fields) population difference

between spin sublevels did not impede the SN resonance detection.

In 2005, Michail Oestreich and his colleagues [65] were the first to use SNS in a semiconductor

system -bulk n-doped GaAs. Following conclusions from their article are important for this thesis:

(a) Extracted values for g-factor and lifetime of localized donor bound electrons confirmed that SNS

1Inhomogeneous to homogeneous linewidth ratio, introduced in publication[89]
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can probe a system leaving it unperturbed in a thermodynamical equilibrium in contrast to pump-

probe technique. (b) In the SN spectroscopy, electron paramagnetic resonance (EPR) measurements

are not strictly bound to any determined frequency, as is normally the case in conventional EPR

spectroscopy; one can acquire panoramic EPR spectra over a wide spectral range at once. (c) The

main drawback was the accumulation time, 62 averages of 10 minute intervals.

The use of Fast Fourier Transformation-based (FFT) spectrum analyzer allowed Roemer et al.

to ”reduce the measurement time by more than two orders of magnitude” [71]. Now, one could get

comparable signal-to-noise ratio in less than 5 minutes instead of 120 minutes.

Later on Field Programmable Gate Array-based (FPGA) spectra analyzer appeared to reduce

measurement dead-time to zero, the fast Fourier transform of the digitized signal was performed

in real time. These FPGAs were produced for the needs of astronomers, but they fully enabled the

SNS on semiconductor nanostructures, Crooker et al. pioneer measurements on InGaAs quantum

dots in 2010 [16]. Four years later a single quantum well [69] and a single quantum dot [19] was

measured by SNS. An extensive study on quantum dots from the viewpoint of perturbativity of

SNS is done by Glasenapp et al. [26].

In 2009, it was shown that SNS posses the abilities of nonlinear methods, with no nonlinear

effects taking place. Roemer et al [70] were able to capture a Z-scan of a sample. This spin noise

technique provides the electron paramagnetic resonance (EPR) spectroscopy with more degrees of

freedom than classical EPR implementation has. The use of optical access grants spectral selectivity

for the studied system and high spatial resolution both laterally and in depth (three-dimensional

tomography). In the same year, it was shown by Mueller et al. [62] that a 80 MHz pulsed laser can

be used to implement heterodyne detection for SNS beyond the detector bandwidth.

Starting from 2010, several milestones in SNS theory were introduced. First, Kos and co

authors [42] developed extensive theoretical description of the SNS for both systems that had been

studied to that moment: atomic vapors and conduction electrons in semiconductors. Two years

later, Glazov and Ivchenko [27] added theoretical explanation of SNS in QDs. Later, a theoretical

proposal of a two-beam SNS was made by Pershin et al. in [66] for the detection of spatial

correlations. Then Kozlov et al. [44] published a more experiment-oriented theoretical extension,

where the second beam is not collinear to the main one.

Finally, in 2015 Glazov and Zapasskii [28] made sophisticated comparison between SNS and

spin-flip Raman scattering (SFRS) theory. It was shown in 1983 by Gorbovitskii and Perel [29]

that SNS can be explained by forward-Raman-scattered light, not only as Faraday rotation in the

media due to fluctuation of magnetization. The first scattered-light-related experiment was made

by Cronenberger et al. [13], as they observed atomic-like SNS in solid state.

One of the goals of this work was inspired by a recent article of Cronenberger [12], in which

the implementation of a homodyne detection seemed to provide extra amplification for the noise

of Faraday rotation in addition to the regular Faraday rotation amplification in Ref [51]. It was

also shown for the bulk semiconductor that in the scattered light one can pick different angular

components.

Published concurrent to the thesis

Theoretical description of two-beam SNS with a tilted auxiliary beam was applied in experiment

by Kozlov et al. [45] for Cs atomic vapor.
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In parallel to the course of this work, article ”optical amplification of SNS via homodyne

detection” [82] was published by Sterin et al. The results of their investigation strongly overlaps

with materials of this thesis, with major difference in the studied system, which was vapor of

rubidium atoms (Rb).

One more significant publication in the time of writing this work is Cronenberger et al. [14],

where measurements on bulk CdTe were performed on the scattered nature of SNS signal formation,

as they choose a part of aperture to interfere with local oscillator.

1.4 Literature review for the second part of the work

Literature review for this work should be supplemented by publications related to Faraday rotation,

which is intensively used for the second part of experimental chapters.

First of all, optical amplification of Faraday rotation signal was shown in experimental work of

Laforge et al. [51].

Faraday rotation cross section was introduced later by Giri et al. [24].

Theoretical connection of Faraday rotation with its noise was developed by Zapasskii et al. [89],

the gain factor was also introduced in that work. The effect of spin-noise gain, which should be

observable in many paramagnetic impurities with not completely filled electronic shells, could

widen the class of objects to which SNS can be applied, and thus enhance the potential of EPR

spectroscopy for studying impurity paramagnets.

Another significant research made by Zapasskii and Kozlov [86] was about field dependencies

of FR for rare-earth elements (REE) and modulation magneto-optical spectroscopy. Two years

later Zapasskii [87] addressed the applicability of SNS to REE by comparison of the expected

signal amplitude to already studied systems. Based on the regular Faraday response, SN should lie

well below the detection limit of current experimental setups. Along with this, from point of spin

noise spectroscopy, there is the gain factor, and theoretically REE can have a gigantic (up to 108)

gain factor on their forbidden transitions: homogeneous linewidth can be as low as hertz at helium

temperatures and their inhomogeneous linewidth is in gigahertz range.





2 Theory

Matter consists elementarily of electrons, protons, and neutrons. Its macroscopic properties are

defined by electromagnetic forces. Essential microscopic parameters for the definition of particle

dynamics are mass m, electric charge q, and elementary intrinsic angular momentum, spin S⃗.

2.1 Spin noise

Spin S⃗ is an intrinsic angular momentum that appears only in quantum mechanics. Each rotation

with angular momentum L⃗ produces a magnetic moment µ⃗, linked via a gyromagnetic ratio γ:

µ⃗ = γ · L⃗, γ = g
q

2m
(2.1)

The gyromagnetic ratio γ has a very important co-factor, the Lande factor g. It is unity in classical

physics, but varies in quantum physics for (quasi-)particles, defining their response to a magnetic

field. In the macrosphere, the collective response of spins to a magnetic field B⃗(t) is a magnetization

M⃗(t), its dynamic was empirically described by Bloch [10]:

∂

∂t
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
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Mx(t)

My(t)

Mz(t)
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My(t)

Mz(t)
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
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T2

My(t)

T2

Mz(t)−M0

T1




 (2.2)

M0 is the magnetization value in thermodynamical equilibrium for the given external magnetic

field. After deviation, this equilibrium is approached exponentially with a characteristic time T1,

called a spin lifetime or a longitudinal relaxation time. Second time constant in this picture is

T2, called a transversal relaxation time. The latter is responsible for the dephasing via rotation of

the polarization direction with a Larmor frequency ωL = γB. The linear response of a system

magnetization to an external magnetic field B⃗(t) can be described by the medium susceptibility

function χ(t) as M⃗(t) = χ(t)B⃗(t).
In absence of external magnetic field, there are thermally exited magnetization fluctuations,

denoted as δM . Dynamics of such fluctuations follow the same Bloch equations as magnetization

itself. This fact is founded by fluctuation-dissipation theorem: a thermal fluctuation of a physical

variable decays as if it is an external perturbation. Experimentally, these fluctuations are visible as

noise. From this noise by means of mathematics we can extract information: fluctuation-dissipation

theorem gives a connection between the imaginary part of the Fourier transform χ̂(ω) of the medium

susceptibility χ(t), thermal energy kBT , and the two-sided power spectrum Szz(ω).

Szz(ω) =
2kBT

ω
Im[χ̂(ω)] (2.3)
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As power spectral density is equal to a squared absolute value of a Fourier transform, we use

Fast Fourier to more efficiently accumulate spin noise and separate it from other noises. Fourier

transform of a decaying sine wave has a Lorentzian profile, therefore we can expect spin noise to

have exactly this profile.

Kos et al. [42] performed a more detailed theoretical derivation and analysis, which accounts for

moving fermions. A general formula for a spin noise power spectrum is given by:

Szz (ω) ≃
π

2
coth

ωL

2T

M
(0)
x

g
(
t−1
tr , τ

−1
s

)f

(

ω − ωL

g
(
t−1
tr , τ

−1
s

)

)

(2.4)

Equation contains the equilibrium magnetization M
(0)
x of the analyzed volume induced by per-

manent magnetic field Bx. Time constant ttr denotes the duration of fermion transfer trough the

probed volume, time constant τs stands for the spin-decay time. Function f describes peak profile,

f is normalized to have a unit width and height, peaking at zero. Peak width function g tends to

yield the larger value between its two arguments.

R < vτ(ballistic) R > vτ(diffusive)
kBT < EF Trapezoidal (for ℏωL/2 < EF ) Lorentzian

(degenerate) Parabolic (for ℏωL/2 > EF )

kBT > EF Gaussian Lorentzian

(classical)

Table 2.1. The noise spectral lines’ shapes in the four regimes are outlined for the case of an infinite

τs.
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In case of powerful resonant monochromatic excitation, a hole-burning in an inhomogeneously

broadened line transforms the absorption spectra from being like in Figure 2.7 (a) to a Figure 2.7 (b),

which correspondingly induce changes in the refraction and FR, the latter receives a sharp pecu-

liarity with an opposite sign and a larger amplitude Figure 2.7 (d). Relation between the heights

of the new component and the unperturbed prior one, must be somehow defined by the relation of

inhomogeneous to homogeneous linewidth.
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White light transmission

We use an incandescent light bulb as a wide spectrum light source in chapter 5. Focusing guaranties

that light hits only the sample. Collimated light after the sample is coupled to a multi-mode fiber.

The other end of the fiber is connected to the Acton monochromator with a liquid nitrogen-cooled

CCD attached to it. The diffraction grating in monochromator has 600 lines/mm and together with

1340 pixel CCD grants one-shot spectra with spectral width of ≈50 nm. Software allows to shift

the center of the window and glue several separate spectra into a single one. For the reference

measurement cryostat was shifted so that the light does not go through the sample (but optimally

still goes through the windows of the cryostat). The spectrophotometer Cary is a commercial

alternative for the scheme above, which was used in chapter 7.

Tunable laser direct absorption (TLDA)

A tunable CW Ti:Saph laser is a suitable source for tunable laser direct absorption method. This

method suits for spectrum with narrow features present. The measurement goes in the following

way: an intensity-stabilized laser beam is mechanically chopped at 1.5 kHz rate and is focused on

the sample, the detector catches the transmitted light, and the lock-in amplifier detects signal on the

chopper frequency. A computer program reads values from the wavelength meter and the lock-in

amplifier simultaneously, providing one point of transmission spectrum at a time. The wavelength

meter has an absolute accuracy of 0.0001 nm, which also defines the maximal achievable resolution.

To get the spectrum, we scan the laser wavelength using a cavity mirror on the piezoelectric

mount. This smooth tuning provides only up to 40 GHz range, which equals 0.08-0.13 nm depending

on the central wavelength. If a broader range is needed, the acquisition is stopped, the scan window

is moved by rotation of either thick etalons (≈0.02 nm step, ≈1 nm range) or the birefringent filter

(225 GHz (≈5 nm) step, ≈100 nm range), and then the scan is started.

For the stability of the light intensity during the scan is responsible the device from BEOC

company, which is a combination of a liquid crystal retarder, a polarized beam splitter, a diode and

feedback electronics. Depending on the purpose and the required accuracy, several configurations

of the equipment were used:

1) a fixed ratio non-polarizing beam splitter (nPBS) before the sample, and the power meter

heads one after the sample and other one in the second arm of nPBS, the reference measurement is

when the head after the sample is moved in front of it.

2) a polarization detection scheme with the balanced diode, that has not only the difference

output, but the monitor output from single diodes as well, in current case, Nirvana or New Focus,

but for due to the fact of the almost-DC measurement, Nirvana is more preferable due to better

signal-to-noise ratio (SNR) and less to no crosstalk between outputs.
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is defined by the coil inductance and equals 333 Hz. This frequency was chosen as a modulation

frequency throughout the work.

The lock-in itself is a pure sinus waveform source with a precise and stable frequency. The

modulation signal from the lock-in is amplified with the D-class audio amplifier to get the desired

magnetic field amplitude in the electromagnet.

It is important that the current in the coil can heat it enough to change the active resistance of

windings. To keep the amplitude of the magnetic field constant, we connect electromagnet through

the RMS current meter. The measured value serves as process variable for PID controller, which

adjusts the amplitude voltage on the lock-in output.

The results of the performed measurements discussed in details in chapter 6.

3.2 Experimental setup

3.2.1 Devices for spin noise spectroscopy

Laser system

Most of components of the laser system are pictured in Figure 3.4 above the legend and to the left

of the dashed blue line. The beam starts at the diode pumped solid state laser (DPSS). The DPSS

in this work is Verdi V-10 from Coherent. It uses second harmonic of Nd:YVO4, providing up to

10 W of monochromatic 532 nm laser light. We tune the power to 8 W route it with two dielectric

mirrors to pump the MBR-110.

MBR-110 is a continuous-wave single-mode single frequency tunable ring cavity Ti:sapphire

laser from Coherent. It can produce coherent monochromatic light up to 1 W of power in the range

from 700 to 1000 nm with linewidth below 100 kHz. In all experiments MBR-110 is the main laser

source to probe the system.

The tunability of MBR-110 is guaranteed by its controller. This controller manipulates optical

elements inside the MBR-110 resonator. We use it for the external wavelength stabilization and for

the smooth laser scanning.

To allow the wavelength monitoring and stabilization, a wavelength meter HighFinesse WS6-

600 (WS-6) receives a small fraction of the beam from MBR-110. The glass plate in the output

beam reflects 4 % of the incoming intensity. The ND filter further decreases the beam power to

avoid saturation and damage of WS-6. The use of polarization maintaining fiber (PMF1) provides

additional stability of WS-6 readout against mechanical vibrations.

For easier routing and to secure the single mode operation, laser emission of MBR-110 is coupled

to a single-mode polarization-maintaining optical fiber PMF2. The telescope Tel1 expands the beam

to maximize the use of coupler K2 aperture. A faraday rotator FR blocks the back reflections from

K2, preventing lasing instabilities. A half wave plate λ/2 and a Glan-laser prism GL serve to keep

the power at K2 below its damage threshold.

On the other end of PMF2 the laser light is collimated by K3. The noise eater BEOC LPC-RD-40

VIS/NIR controls the transmitted intensity. BEOC serves for the beam power stabilization up to

1 kHz both for fixed and scanned wavelength of MBR-110. The last component, that defines laser

beam for all schemes is telescope Tel2. It expands the beam for a tighter focus on the sample. Tel2
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is either a combination of 2 achromatic doublets (-40 mm and +60 mm) or a single objective with

adjustable focal length.

Sample environment control

In Figure 3.4 the sample S is shown in a rectangular, which represents a section of a MicrostatHe-R

flow cryostat. As it is a sample-in-vacuum system, so we need a vacuum pump to prevent gas

freezing on a sample during cooling down. We use a combined pumping station Pfeiffer Vacuum

HiCube 80 Eco. It includes turbopump and backing pump and allows to reduce pressure in cryostat

to as low as 3e−7 mbar.

Except for the sample spatial orientation, temperature and magnetic field are two the most

important parameters to be controlled. There are two temperature controllers. The original one is a

MercuryiTC Oxford, connected to the temperature sensor and the heater. Both of them are build in

the cryostat heat exchanger. MercuryiTC helps to control the sample cool-down and can stabilize

temperature above the helium one. The custom temperature controller consists of a Cernox sensor

in the cold finger and a digital Keithley multimeter. Due to higher proximity to the sample, it gives

a better estimation of the temperature.

To control the magnetic field a bipolar power source for the electromagnet is used. After a

calibration, it allows creation of a very precise magnetic field, providing DC current up to 30 A.

Detection

The balanced photodiode (BPD) converts the incoming light into charge carriers, takes the difference

of analogue currents and gives it to consumer devices as the output voltage. BPD acts as a converter

of the signal from optical frequencies (≈300 THz) to the radio frequencies (from 0 to 1 GHz), in

form of UAC , which can be processed electronically.

We use analogue low pass filters (LPF) to limit the bandwidth of UAC from 0 to 1 GHz. The

LPF reduces the influence of electronic noises outside of the detection bandwidth on amplifier and

prevents aliasing in FPGA board.

The amplifier (Ampl) increase the incoming signal by 20 dB in bandwidth from 0 to 1 GHz. By

doing so, the amplifier matches the voltage from BPD with the full scale of ADC on the FPGA

board.

The FPGA board (FPGA) has an ADC to digitize the incoming voltage with sampling rate up

to 2 GS/s. FPGA itself is capable to compute and accumulate powers spectrum at rates from 0.4

to 2 GS/s in real time. Such a device is crucial for spin noise spectroscopy due to the inherent

weakness of the signal in most of the systems.

At this point one can readily obtain spin noise spectra and process them on PC, but for advanced

techniques we need two more devices.

The HF2LI lock-in amplifier (PID, ADC, DAC) is a multifunction device. It can be used as

a normal lock-in amplifier, but it also has a precision sinus wave generator and a PID controller,

shown in Figure 3.4. HF2LI serves as a simple lock-in amplifier in measurements of transmission

and Faraday rotation. PID controller of HF2LI is a part of phase stabilization chain, its DAC

generates the compensation signal for the PZT mounted mirror.
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HF2LI solely cannot provide enough voltage to drive PZT in the full range. To overcome this we

add piezo amplifier (Ampl) between DAC and PZT. Ampl multiplies by 15 the incoming voltage

from 0 to 10 V in the 30 kHz bandwidth. With Ampl we are able to move the mirror on PZT for

several wavelength distance to stabilize the phase.

3.2.2 Devices for characterization and check-ups

A sound amplifier (SA) is used for Faraday rotation measurements. SA can increase the voltage

and the power of the incoming signal from 20 Hz to 20 kHz with no quality loss. We place this

amplifier between HF2LI generator and electromagnet Coil2 to protect the HF2LI from overload

and to reach higher magnitude of the modulating magnetic field.

A higher magnitude requires for stabilization a root-mean-square current meter in the Coil2
circuit. It can be used in a PID control loop to adjust voltage and keep RMS current constant.

A two-channel oscilloscope up to 100 MHz helps to balance the BPD based polarimeter and

check signal amplitudes for safety for sensitive electronics.

A 785 nm diode laser is used only for PL measurements as excitation source. It is much more

convenient to use, then to tune MBR-110 to this wavelength as MBR-110 requires the mirror change

in the internal cavity.

The Acton monochromator and attached to it CCD are used for white light transmission spectra

and for PL measurements. The spectral resolution is defined by the slit width and grating of the

monochromator, and the CCD pixel size and spacing. The possibility to get a broad spectra at one

shot make it very helpful for alignment procedures as well

3.3 Measurement protocol

In this section a complete measurement procedure is given for the ease of results reproduction.

The longest process for measurements on a flow cryostat is the vacuum pumping of the cryostat.

Therefore it should be switched on first. The time dependence of the pressure shows if there is a

leak. For the used devices and a pumping from atmospheric pressure, sensor readings should be

less than 3e−3 mbar at one minute mark and less than 3e−4 mbar at two minutes mark. In case of

series of measurements, it is reasonable to have the vacuum pump attached and running all the time

except for the actual measurement time.

All electronic devices that are going to be used in experiment are switched on. The order of

switching on should go from a signal source to signal consumer: first diodes, then their amplifier.

The used FPGA board needs to be switched on before the computer. Other devices can be switched

on in arbitrary order. Temperature transient effects take up to 30 minutes until devices reach their

datasheet parameters. The laser is switched on as well, and the shutter is opened after approximately

a couple of minutes, when the current has stabilized. A beam block should be present or placed at

the laser output to ensure the safety of optical elements.

While the devices warm up, software for the readout and manipulation of controlled parameters

is started. The value from the calibrated temperature sensor on the cold finger in the vicinity of

the sample is obtained by 4-wire method every two seconds and is plotted on a live graph. The
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wavelength meter and laser wavelength stabilization programs work with maximal update rate,

mostly limited by the exposition time of the wavelength meter.

The next step is the transfer tube insertion and connection to the helium recovery system. The

needle valve should be opened prior to insertion in the liquid helium vessel to prevent the freezing.

As the transfer tube is slowly inserted in the vessel, overpressure builds up and will be used to

push the liquid helium without additional pumping. When the transfer tube is hermetically sealed

to helium panel, the needle valve is closed and the whole volume exposed to air is vacuumed with

membrane pump. The needle valve is then opened to fill the volume with gaseous helium, and as

soon as the overpressure in vessel (0.1-0.2 bar) is higher than in the recovery system, the ball-valve

will allow the flow. A quarter turn from the closed position for the needle valve allows the slow

and low helium consumption cooling down to 6 K given the mentioned overpressure.

This is the best time to write down the measurement plan - which dependencies are needed, what

is the reasonable accumulation time, etc.

The steady state of the laser in term of the temperature regime is seen on the wavelength

chart. When the change over several tens of seconds is on order of a readout noise, a PID control

stabilization of the chosen wavelength is switched on.

Then we check the power level of the laser beam and the alignment of the optical setup. First

point - prior to the fiber to ensure that the power does not exceed damage threshold for the fiber,

in our case 300 mW at 850 nm. Second point - after the fiber to check that the coupling is efficient

enough. The non-perfect mode of the laser output leads to ≈ 50 % coming out of the fully aligned

fiber. Further the intensity of the beam up to 1 kHz is stabilized by BEOC at the level of 50-60 %.

Further power routing and redistribution depends on the scheme used.

After the laser source part of the setup is proved, the temperature should be checked. After the

liquid nitrogen temperature, we close the vacuum valve on the cryostat and shut the vacuum pump

down. We know that the cryostat reached the liquid helium temperature when the temperature

saturates (5.7-6 K) and the temperature variation drops down significantly to several mK. Such a

regime allows also a high stability of the sample position.

Further we need to pick the point on the sample to probe with the laser beam. The coarse

alignment can be performed with cameras and 3-axis kinematic mount of the cryostat. For a more

precise choosing of the right spot, we use either transmission, PL or both methods. Final focus

adjustments are performed with spin noise spectroscopy to maximize the spin noise amplitude.

For all spin noise measurements we need the polarimeter scheme to be balanced, but the exact

way depends on the chosen scheme for SNS. There are three of them:

1) classical

2) homodyne

3) side illumination

For the classical scheme we adjust the power going to the sample so that the power on the

detector will not reach the damage threshold. Then we check power in front of each eye of the

balanced photodetector. If there is a difference, the half-wave plate in front of the Wollaston prism

is adjusted until the difference is on order of 0.1 % of the value. Now the balanced photodetector

signal should give on oscilloscope a noise trace close to zero. If it is not the case, each of the eyes

adjusted individually at lower power until balance is met.

When the preparations are done, measurements can be started.

To separate the spin noise spectra from the background we need to have a reference to subtract
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from. In the classical scheme the most reasonable reference is a measurement in a different

transversal magnetic field.

The amplification coefficient, acquisition parameters and reference magnetic field value are

selected and varied according to the observed spin noise spectra. The noise trace should occupy

the maximum of the ADC full scale, but should not lead to overflow.

For the homodyne scheme we first set up the power of the local oscillator. Its intensity is chosen

so that diodes will be on the edge of their linear response. Then we need to check the interference

of the probe beam with LO - both the spatial and their wave fronts. As soon as we get the maximal

centered bull-eye pattern, the adjustment is complete. Then solely the LO is balanced on BPD with

the help of a gradient neutral filter. To select the proper polarization, we rotate the half wave plate

to reach the minimum intensity of the transmitted probe beam going to interfere with LO. We scan

the phase of LO by piezo mounted mirror and choose the desired phase working point, which is

then PID stabilized. The P, I and D coefficients are chosen empirically for each piezo mount used.

For the side illumination we first perform the procedure for the homodyne scheme. Then we

check the spatial overlap of the probe and the external beams on the sample. For the coarse

alignment one uses cameras and maximization of the scattered light in the detection scheme by

lock-in amplification with chopper in the external beam path. The fine tuning is done with the help

of the spin noise signal itself.

Both homodyne and side illumination schemes can use as a reference measurement not only

the spectra at other magnetic field, but the measurement with the blocked probe as well. It is

automatized with the help of a shutter in transmitted probe path before the interference with LO.

At this point the setup is ready for the measurements. All magnetic field series measurements are

automatized, and one only needs to enter the chosen range and step. The obtained and published

results are presented in the experimental part: chapter 4-chapter 7.



4 The homodyne scheme for the spin

noise detection

The long publication silence after the first article on SNS [4] originates from low signal-to-noise

ratios in optically detected spin noise in solid materials[65]. In this chapter 4, we compare self-

homodyne and homodyne techniques sensitivity in spin noise spectroscopy. The homodyne method

has higher polarimetric sensitivity, which is needed to have higher SNR in SNS. Due to the reason

the local oscillator (LO) laser beam does not pass through the sample, eliminating constraints on

its intensity due to potential spin system perturbations. By adjusting the LO power within the

photodiodes’ dynamic range, we achieve a reduction in the minimal probing strength by over three

times, bringing us closer to the nonperturbing regime. We approved the efficiency of the method

by studying the classical semiconductor n-doped GaAs. Moreover, the stabilized manipulation of

the optical phase between LO and probe laser beams enables us to measure Faraday rotation and

ellipticity without changing of polarization optical components in setup.

4.1 Introduction to homodyne technique

The concept of homo- or heterodyning for amplification of the signal was developed in the beginning

of radio era[20], the optical realizations are relatively young [41], their development started as soon

as coherent light laser sources became widespread. In general, the idea of such a measurement setup

is a direct parallel to the electrotechnical version of it: a high frequency carrier monochromatic

field is modulated by a low frequency component, for detection it is mixed with a reference

(local oscillator), which has either the same frequency as a carrier (homodyne) or a different one

(heterodyne). The main reason to use a homo- or heterodyne scheme is to obtain an extremely

high precision [52], originating from the phase sensitivity, latter allows one also to get access to

the quantum optical properties of the light [77, 5, 78]. Possible applications of homodyne schemes

range widely from astrophysics and detection of gravitational waves to the characterization of spin

system in a cold atomic gas[60]. It can be used also for detection of a carrier spin in a variety

of semiconductor materials[22, 80] or the time standard on a single ion in the magneto-optical

trap[72].

This thesis focuses on spin properties of semiconductors. A classical method of studying the

spin properties is pump-probe Faraday/Kerr rotation[6]. The pump creates the spin polarization

of the system according to the optical selection rules. The probe then tests a system, getting its

polarization changed due to the magneto-optical effects.

To study the system in the equilibrium state, one should exclude the pump, and this leads us to the

spin noise spectroscopy[4, 15, 65, 89, 90, 31, 79]: a CW probe beam senses the fluctuations of the

magnetization by the means of the Faraday rotation. Such fluctuations occur in a thermodynamic
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equilibrium and a corresponding signal originates from a spin-flip scattering[29], causing a Raman-

shift of the interacted photons, being interfered with the transmitted light[28]. As a stochastic signal,

spin noise is intrinsically small and requires an excellent polarization sensitivity.

There are several ways to increase the Faraday rotation angle: one can pick a more paramagnetic

material, increase the magnetic field or make the sample longer. For the latter purpose a structure

under investigation can be placed into a macro-[88] or micro-[43, 69, 68] optical resonator (cavity).

Linearly polarized light rotates in the same direction after each reflection, so all passes are adding

up to a total Faraday rotation angle, equal to a single-pass Faraday rotation multiplied by cavity

finesse.

Increasing of the probe intensity allows to improve the Faraday rotation signal. However it leads

to the perturbation of the tested spin system by probe[25], which one need to avoid in the optical

experiments.

Not to omit are possibilities to increase the SNR of the Faraday rotation by alternating the sample

(by incorporating magnetic particles and coupling a carrier spin to it[13]) or the light (squeezing

the coherent state’s Poissonian statistics to sub-Poissonian one and therefore reducing the photon

shot noise level[55]), both requiring the significant effort for the effective implementation.

In this part of the work, the homodyne detection of the Faraday rotation is used for combining

the HPE detection[25] with a low probe power. For the first time the improvement of sensitivity

by homodyne detection was shown in pump-probe technique[50, 51], variation of which was later

inherited by spin noise spectroscopy[12], with an accent on the quantum-limited homodyne and

heterodyne detection. The advantage of the homodyne is that the reference beam can be made as

powerful as required, without interacting with the tested system, the only limit being the dynamic

range of photodiodes.

With the help of Mach-Zehnder interferometer we implement a balanced homodyne technique

and apply it to the well-studied system - n-doped GaAs epilayer - to compare measured spin noise

spectra of electrons at the edge of the Fermi sea with results obtained by the traditional scheme. The

implementation of the interferometer phase stabilization by means of optical path length control,

gives access to quadrature measurements as well as long-time accumulations of the spin noise

signal. The latter allowed us to increase the range of probing power densities up to three orders of

magnitude for the measurements of electron-spin relaxation rates.

4.2 Sample description

A 170µm epitaxial layer of negatively doped (≈ 2 · 1016 cm−3 at 0 K) GaAs serves as an object

for the study. Refs. [17, 25] contain an extensive characterization of this sample (sample B in

Ref. [17]). Such background reduces unknown parameters, making the comparison between the

conventional method and the newly implemented more reliable.

Additionally, the sample reveals a high SNR for spin noise power spectra. The SNR is directly

connected to the resident electron spin lifetime, which is defined by the electron density. The

sample is n-doped so that the electron density is close to the metal-insulator transition. As soon

as donor electrons are thermally activated to the conduction band, the electron density is tunable

with the temperature. The chosen sample demonstrates electron density of 3.7 · 1016 cm−3 at 10 K.

At low temperature this sample shows the longest electron lifetime in comparison to the similar
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for Faraday rotation, and

I−E = iη(E∗
tEs − E∗

sEt), (4.3)

for the ellipticity, for both η is a diode spectral response (sensitivity).

Obviously, the interesting part is only Es, the other one does not carry spin noise info, but can

pick up charge fluctuations [85]. That is the reason why people detect them [49]. One can notice,

that Et can be therefore exchanged with any light field, given that the coherence with probe is

preserved over the time span of signal accumulation.

4.4 Homodyne scheme

The scheme, which is called classical, is already a self-homodyne one. It means, that the interacted

with the sample part of light interferes with the transmitted one to produce a measurable on the

diodes radio frequency signal. Under reasonable circumstances, basically almost always, Et is

much more than Es, Et ≫ Es, then one sees that Equation 4.2 and Equation 4.3 are the real and

imaginary Hermitian quadratures.They can be measured with a phase-sensitive detection scheme

like for example, homodyne.

To implement that we use the setup as shown in Figure 4.3. Mach-Zehnder interferometer with

sample in one arm followed by the HPE polarimetric scheme. In this case, the HWP is in front of

Wollaston prism with extinction ratio of 104. To interfere the Es and LO we use a nPBS 50:50.

Worth noting, that exactly before hitting the nPBS, LO polarization is purified with Glan-Taylor

(GT), and before that the wave front of LO is matched to Es with a pair of achromatic doublets.

To do that and to ensure the proper spatial overlap, the light mode Et is used for the obtaining of

the interference pattern and optimization its visibility, which is afterwards suppressed by rotation

of the HWP, the output of the Mach-Zehnder is the input of the polarimetric part, the spin noise is

readout by the same accumulation of the power spectrum as in the classical one.

The phase of the LO is stabilized to ensure the proper field quadrature of Es, it is done by

tuning the optical path length of the LO arm through the piezo driven mirror mount. The PID

control is allowed by the leakage of the small part of Et to the detection scheme either given by

the finite extinction coefficient or the purposely tiny rotation of HWP and by the presence of the

low-frequency monitor output of the difference output. As a controller for the loop a PID option of

the HF2LI is used, its auxiliary input works just as ADC, and its general purpose output connected

through the suitable voltage amplifier to the piezo. After the scan over the tuning range of piezo

performed, one can choose the desired set point for the phase ( Figure 4.3). As a consequence

of the stabilized phase, the intensity on the eyes of the balanced photodetector is stable as well,

reducing the low frequency drift of the accumulated power spectrum ( Figure 4.4a). It is seen as

low-frequency noise in one eyed homodyne scheme [12]. Balanced homodyne detection can be

even made insensitive to LO quadrature phase noise[84, 76]. As one can see the originating from

the field modulation negative peaks in the high frequency area can actually confuse: one would

expect linear behavior and therefore, at 5 times the field, 5 times the frequency and 120 MHz*5 is

600 MHz, not 420 MHz. Additionally, negative peaks look asymmetric in comparison to the fitted

Lorentzian. At this point one need to remember about aliasing and Kotelnikov-Nyquist-Shannon

sampling theorem: by insufficient sampling (1 GS/s in this case), which means that incoming

frequencies land not in first one, but in a higher Nyquist zone, these frequencies will be folded to
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was carried out with two lenses with distinct focal lengths in the incoming to the sample beam path.

To be precise, diameter of the laser light waist was directly measured with a beam profiler, which

turned out to be 20 µm and 40 µm for F = 100mm and F = 200mm, respectively. By increasing

the focus twice, we increase the area by four, dropping by the same amount the power density,

resulting in almost a half of an order of magnitude less. Additionally, transit-time broadening

decreases with a gain of illuminated area, an estimated length was got in Ref. [17]. and is on

the scale of 10 µm in used sample. Figure 4.6b shows the outcome of the measurements. A

trend of decline of ΓHWHM adheres to the exponent function with 0.22 coefficient. One can get

τs = (2πΓHWHM)
−1 as low as 52 ns at the minimum achieved power density, that is in the range

of measured by the other method (Hanle) in [17]. On the contrary, on the extended pump-probe

setup [9, 8] one gets for the relaxation time a value of (2πΓ0)
−1 = 90 ns, using the same sample

and excitation densities. A significant difference is the use of pulsed laser and effective darkness

during the evolution of the system between the pump and probe pulses. One would find fits of the

experimental points in Figure 4.6b remarkably, the extrapolation gets to the expected value at a

power density one order of magnitude less, than we can achieve now.

4.6 Discussion

Control over the optical phase allows obtaining the complete quadratures picture of spin noise

without any modification of the optical setup. That is of a great importance, when one coerced to

use resonant excitation, this happens in atomic-like systems, for example, in QDs, where the signal

is present exactly there, where the inhomogeneously broadened absorption line is located.

As dictated by the nature of interference, after mixing on the beam splitter, single photons tend

to group and exit either one port or the other one, Hong–Ou–Mandel effect. We do have the

coherent state, instead of the Fock ones, we are not limited to only this state, the problem is, either

in balanced or single-eyed version is that SNS obtained as a difference spectra between two states,

and the background noise should stay the same for the reliable measurement. Unstabilized by phase

interference will slowly drift, causing changes in the photon shot noise, seen by the detector and

will render measurements useless. Introduction of PID loop for phase stabilization saved us from

that problem, reducing the excess noise below 50MHz and allowing one to get to reliable long

time accumulations, which leads to low probe power measurements and approaching the intrinsic

relaxation times in the results. A well studied sample of n-doped bulk GaAs shows the limitation

of that time by the tails of the absorption, meaning that the intrinsic time can still differ from the

obtained in the SNS and be higher than that.

It is worth mentioning, that there is a room for improvements regarding the sensitivity of the

setup, likewise by collecting and processing other scattering modes, present in 0D systems, such

a system is QDs, where the element size is much smaller in comparison to the wavelength of the

incoming optical radiation. [29, 12]. With that in mind, the proper choice of the LO mode would

allow picking signal modes, propagating not collinear to the transmitted of the reflected beams. In

this part of work, no any SN signal is seen out of the aperture of the forward scattered field.

Unfortunately, the required bandwidth is big enough to make the amplification of the diodes

and, therefore, signal-to-noise ratio on order of +10 dB at maximum power on the diodes. This

would be enough, if it would not be directly connected with the power, falling on the sample,
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which naturally leads one to the idea of interfering the scattered light with light from the same

laser, which does not go through the sample, local oscillator. The experimental measurements

were done in following manner: the setup in interchangeable configuration between classical and

homodyne, sample is n-doped bulk GaAs, the detection bandwidth maximal, 1 GHz, temperature

controlled with supplied controller MercuryiTC and kept on the level of 6 K, Wavelength chosen

on the edge of the luminescence spectra, internal locking scheme. For the convenience magnetic

field was chosen to be 15 mT to produce Larmor peak well distanced from 0 Hz and not too high in

order not to loose sensitivity due to diode response function and broadening of the peak. First, the

power dependencies for the classical scheme were measured. One can clearly see the point, where

the dominance of electronic noises restrict the signal acquisition. Second, and the longest part was

to match the dependence for the homodyne scheme with the same powers on the diode and on the

probe. At first even after scanning all the phase set points, one could get only half of the signal of

that in classical scheme, the most probable reason for that was some phase averaging: there was a

vacuum leak in the cryostat, causing possible thin film deposition on the sample, the piezo actuator

was mounted to the whole translation stage, reducing the locking bandwidth to roughly 1 Hz or even

lower, in first attempts in local oscillator beam no phase front distortion compensation was present

as well as no additional purification of polarization prior to interference with signal beam on the

nPBS. Resolving these issues allowed us to experimentally match the results of both methods, to

show the possibility of quadrature measurements just by phase scan of the interferometer, and to

get to lower power densities on the sample.

4.7 Summary

In this part of work, a polarization sensitive interferometry performed for obtaining both Faraday

rotation and ellipticity. The spin noise of n-doped GaAs was measured in different quadratures

by variation of the path difference in the arms of the Mach-Zehnder interferometer. Regimes of

perturbation of the spin system are analyzed by measuring the electron spin relaxation time at

excitation powers varied over several orders of magnitude while probing in the transparency region

of GaAs. The quantitative analysis shows that for all reasonable intensities of the probe we find an

amplification of the sensitivity of the homodyne detection scheme over the one of a conventional

45 degrees polarimetric setup. The obtained signal to noise ratio is found to be always larger in the

former scheme and is limited only by the finite dynamic range of the photoreceiver. These findings

might be used to implement weak measurements of spin dynamics on the nanoscale.

Most results in this chapter are published in Ref [67].





5 Proof of the scattered nature of the spin

noise signal

In this chapter we apply the developed in chapter 4 homodyne technique to prove the formation

mechanism of SNS. It was already pointed out by theoreticians a long time ago [29] that there are

similarities between SNS and Raman scattering, and it was further analyzed theoretically[28, 46,

44, 47, 45, 48] with no any experimental proof. As of now, the only couple of articles, that address

measurements of scattered light is [12, 14], but still neither of them detect the scattered light outside

of the aperture of the reflected or transmitted light. For a solid proof of scattered nature of SN we

study n-doped QDs in DBR structure.

5.1 Reminder on homodyne detection and sensitivity

As can be seen from the previous chapter 4 or the above-mentioned theorists, SNS depends quadrat-

ically on the probe intensity. Enhanced SNR at elevated probing intensities comes at a cost of a

higher system disturbance, which is generally undesirable [18, 25].

To reduce the power and preserve SNR one can think of adoption of optical resonator(s), be it

macro- or micro-resonator(s), the latter option advised in some works [88, 69, 19] as an efficient

way of boosting the signal. One problem is that enlarged light-matter interaction compensates the

reduced power and effectively the perturbation stays the same. The other problem is the high-

speed balanced photodetector, which has high dark electronic noise, and therefore, cannot properly

operate at such low light intensities.

The logical solution is to mix a weak signal with a strong reference and send it to the detection

scheme. The described method is a homodyne detection [12, 82, 67].

5.2 Setup modification

The naive way to describe the spin noise signal generation is to assign it to the Faraday rotation on

fluctuations of the magnetization. Actually, the Faraday-rotation-based detection can be explained

either as the spin-flip Raman effect[29, 28] or as a light scattering in the medium with fluctuating

gyrotropy[44], both versions being equally reliable and both rely on scattering.

From these points of view even the classical scheme is a self-homodyne one: the transmitted

light interferes with the scattered field. So if we want to proof the scattered nature of the spin

noise signal formation, there are two steps to be done. First of all, we substitute the transmitted

light with the coherent light, whose path omits the sample. This part is just an implementation of

the homodyne detection, which was done previously in chapter 4. Secondly, we need to excite the
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towards the goniometer arm for side illumination.

• The detection channel utilizes a Wollaston prism in place of a Glan-Thompson prism, as

well as a wedged plate non-polarizing beam splitter (nPBS) rather than a cubic one. This

approach reduces back reflections and mitigates arising parasite signals.

• It incorporates the capability to collect photoluminescence (PL) from the side of the sample.

In the modified setup, the vertically polarized AUX beam impacts the sample (S) at an angle

θ relative to the normal incidence. Focusing and collimating lenses of 200mm (spot diameter:

40µm) and 60mm focal length, respectively, are employed.

To filter out the transmitted light component, which is orthogonally polarized to the scattered

light [28], we use a half-wave plate (λ/2) and a Wollaston prism (GT). We collect the fraction

of scattered light within the solid angle covered by the numerical aperture NA = 0.07 of the

collimating lens. This light is directed to the input of a 50:50 nPBS, together with the LO, which

is sent through the second arm of the interferometer.

The interference of these two horizontally polarized linear fields results in photocurrents in a

balanced photoreceiver with a 650MHz bandwidth. The difference in their currents is converted

into the voltage signalU(t), the AC component of which is digitized using a 2GS/s analog-to-digital

converter and Fourier transformed using an FPGA-based real-time fast Fourier algorithm [16]. The

DC component of U(t) is routed to the error input of a proportional-integral-derivative (PID)

control loop used to adjust the piezo voltage [67]. Hence, the relative optical phase between the

two arms of the interferometer is maintained by tuning the piezo-actuated mirror (PZT) to the set

point USP.

5.3 The Sample

In this part of the work, the capabilities of the homodyne version of the detection are studied further,

as well as the physical characteristics of the spin noise signal. It could not happen without the

proper sample, manufactured by our colleagues form Bochum. Prior to the growth, the geometry of

the desired structure was numerically simulated and optimized for the transmission configuration

of the measurement.

The 5λ/2 cavity (λ is the design wavelength) enclosed in 14 bottom and 11 top pairs of AlAs/GaAs

layers was grown on the GaAs substrate. There are 4 InGaAs QDs layers, each with a density of

1010 cm−2 and positioned at antinode of the electric field, see the inset of Figure 5.2. Delta layers of

Si mediate n-doping for the QDs. To minimize an unwanted absorption, these layers are deposited

in the nodes of the field: there are two dopant layers for each layer of QDs, both exactly at a distance

of 64.5 nm from the latter.

Created by Stranski–Krastanov mechanism, QDs experience very strong dispersion of size, the

latter is connected to their optical transition energy via quantum confinement. In order to tune the

QDs luminescence peak to the cavity transmission, a method called rapid thermal annealing (RTA)

is applied. RTA - a short warm up to several hundreds degrees Celsius - manipulates concentration

of indium, due to its small boiling temperature. The diffusion of the indium outwards of the

QDs causes the drop in the stoichiometry ratio and, consequently, the rise of the band gap energy.
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For θ < 10◦ the amplitude of the peak do not show significant changes, seemingly because the

incoming light still keeps the system at saturation or close to that. Meanwhile the 100% drops to

about 5%, or from 2.3mW to about 0.1mW, see Figure 5.7. For greater angles the decay of the

excitation power continues beyond the point of being enough, causing the decline in the amplitude

as well as peak width, look at Figure 5.8 (a).

The second situation is other, follow the red stars in Figure 5.8 (a) and Figure 5.8 (b). The

amount of power coming to the QDs stays close to maximum the whole time, but the outcoupling

of the scattered light along the θ = 0◦ becomes less and less effective, tracing the dash-dotted line

in Figure 5.4a. Rephrasing it, tuning the wavelength to the maximum of transmission chooses the

angle, under which the scattered light leaves the microcavity, in this case - along the incoming laser

beam. That leads to the fact that the amount of normally out-coupled light drops. Noteworthy,

again it is Q factor, defining the solid angle of the detection, which for the high values of Q factor

means smaller range of wave vectors and causes trouble to experiments like mentioned in Ref. [14].

The other factor, possibly responsible for the signal reduction is shifting through the QDs sub-

ensembles, but as one can see on the picture Figure 5.8 (a), the drop of the PL signal is not more

than by 2 from the maxima in the whole range of measurements. Plus, all drastic changes occur

from 0◦ up to 10◦, where only the probed side is altered from the low energy to the high energy

one and it normally does not make sufficient difference for the SNS [26]. Therefore it can not be

accounted for the reason of the observed in experiment vanishing of the signal around θ = 10◦.

5.6 Disussion

In the research area of spin noise, it was mentioned first in the Gorbovitskii-Perel paper, that the

spin noise one can describe on the language of scattering, which was further developed here, here,

here. Still on the experimental side there were made only following advancements. The most clear

evidence is the detection of spin noise signal out of the aperture of the transmitted light. To get

rid of diffusion broadening mechanism, the localized system - n-doped QDs were chosen. In order

to increase the light-matter interaction, they were placed in medium-Q (1000) cavity. To be able

to change the angle of incidence, a goniometer part was assembled, and the beam was fed to the

fiber to enlighten the beam adjustment. First of all, the normal incidence experiments to check

the system parameters, to assure what we see. Then, increase the angle, correct the overlap by the

signal amplitude, measure. Surprisingly at first there was little or no changes in the amplitude, then

we were able to get to 17◦, still seeing the spin noise. As soon as cavity present, we measured the

transmission spectra of the cavity, using goniometer and scanning the laser. As one would assume,

already at 8◦ we are already strongly suppressed in terms of transmission. Repeating measurements

with wavelength adjustments shows one, what he was waiting for previously: the curve follows

the transmission of the cavity. It is now pretty clear, that we should account the focusing and

collimating parts separately. When we do not change the probe wavelength, we always allow the

scattered light to escape the cavity orthogonally, directly to the detection scheme, we just tune the

”excitation” power lower, which is big enough to keep the signal up to 10◦ on the constant level.

When we do tune the wavelength, we guide the scattered light to be parallel to the probe beam and

avoid the detection scheme.
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5.7 Summary

As a sub-conclusion, it was demonstrated, that the SN signal is shaped by the parameters of the

scattered light, the latter being significantly changed by the DBR structure. Such an effect obviously

strongly depends on the Q-factor, therefore one need to use great precaution specifically for high-Q
microcavities, so often used in polariton condensation experiments. It is clearly shown, that the

spin noise amplitude may be strengthened, given that the system is not saturated. The presence of

the phase dependence between probe and side illumination points out the nonperturbing character

of the regime and should be taken into consideration in order to understand the spin noise. Some

results in this chapter are published in Ref [34].
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6.2 Absorption and Faraday rotation

As depicted in Figure 6.3 experiments were performed with the method described in chapter 3.

The linearly polarized laser beam was cut by iris opened to 2 mm diameter for a more precise

management of the power density on the sample. Additionally, balanced photodiodes were replaced

fro Newport Nirvana 2007. Due to the presence of the monitoring output for one of diodes, it was

possible to calculate the absolute FR angle.

When it comes to the experimental procedure, one needs to keep in mind, that for a solid-state

paramagnet solely the high probing power density is not sufficient to omit the paramagnetic term due

to used cryogenic temperatures. Additionally, the gain factor is actually a relation of inhomogeneous

broadening to the maximum value of homogeneous broadening and laser linewidth, which can be

limiting factor of the gain factor as well. For the mentioned exclusion of the paramagnetic term,

measurements are performed with sinusoidal change of magnetic field Bz (along light k-vector),

the reference frequency (fm = 333Hz) from the lock-in was fed to the sound amplifier, which drove

the longitudinal electromagnet coils, the output from the diodes was connected to lock in for the

signal acquisition. 333 Hz is significantly higher than the inverted T1 of the ground state sublevels.

The weak Faraday rotation of f-f transitions may give rise to a strongly enhanced spin noise

power due to a large ratio of Γ/γh [89].

Among all the available crystals were chosen already relatively well known and studied SrF2

co-activated with Nd3+ (0.5 mol %) and Yb3+ (0.15 mol %) and CaF2:Nd3+ (0.1 mol %), as shown

in Figure 6.4 (a). As the SNS is a mapping of medium magnetization on the polarization of the

light, solely absorption presence does not guarantee one to see SN spectra at this transition.

For the accomplishment of measurements of the FR spectra, were chosen sole lines among the

observed f -f transitions of Nd3+ and Yb3+ ions in the CaF2 and SrF2 matrices. The reason is that

for a more complicated structure ambiguity during the peak identification does not allow produce

any reliable result with such a simple model. Illustrative case depicted in Figure 6.4 demonstrates

the development of the FR spectra of the transition at 862.68 nm of Nd3+ in CaF2 with growth in

probing power density. With respect to the literature [30] it is transition of the tetragonal center

with very long-living excited state, ∼ 1.5ms.

One can see the transmission spectra in Figure 6.4 (a), there is an oscillating background from

75 % to 100 % due to the laser etaloning on the sample. Five sharp lines are clearly distinguishable:

859.31 nm with 56 % transmission, 860.68 nm with 45 % transmission, 862.24 nm with 35 % trans-

mission, 862.69 nm with 70 % transmission and 863.79 nm with 52 % transmission. In comparison

with the literature data [30], we assign the lines to Nd.

A good measure for magneto-optical activity is a Faraday rotation angle, the spectrum of its

amplitude is given in Figure 6.4 (b) for different power densities of the probing light. The line

at 862.69 nm have a pronounced increase of Faraday rotation with growing light intensity. The

change in the form of the peak is best visible in the inset in Figure 6.4 (b): from an M form it

goes to a simple Gaussian-like shape with a changed sign. The behavior of other transitions can be

seen on a zoom of Figure 6.4 (b) in Figure 6.4 (c). Remarkably, lines with wavelength shorter than

861 nm do not change significantly neither in amplitude, nor in form, it is best seen in a further

zoom in Figure 6.4 (c).

FR spectrum at several minimal power densities, which still should relate to the linear regime

are seen in the inset, as well as its described beforehand behavior: low-power regime provides
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6.3 Theoretical description

Assumptions for the forthcoming equations: ω̄ is the center of the inhomogeneously broadened

transition, its spectral form is given by P(ω) > 0 (
∫
P(ω)dω = 1), so that NP(ω0 − ω̄)dω0 gives

the number of impurity centers pro unit volume, which transition frequencies do lay in borders

[ω0, ω0 + dω0]. With that in mind, the diamagnetic term can be rewritten:

ϕA(ω) = V

∫

dω0P(ω0 − ω̄)p(ω0)
∂

∂ω
f(ω0 − ω). (6.1)

As one sees from Equation 2.7 and Equation 6.1, ϕA(ω) spectral shape follows that one of the

derivative of the refractive index n± (at ωL = 0).

Low probing power densities leave the system almost untouched, therefore there is no discrepancy

between the population of distinct spectral components p(ω0) = peq. With intensification of

probing, arises the contrast betwixt close-to-resonance transitions and those located further in

spectrum, which is known as a hole-burning effect, leading to the nonlinear FR.

For the linear case FR expectancy can be received as follows: the function P(ω) differs from zero

significantly within the bordersω ∈ [−Γ,Γ], whereP(ω) ∼ 1/[2Γ] ≡ P̄ . Under this circumstances

Γ stays for the inhomogeneous width and appears to be overwhelmingly bigger in comparison to γh.

Let ϕA0 be the FR at the center of the inhomogeneously broadened line (ω̄) measured far away from

saturation, with considerations above one gets an approximation by setting ω = ω̄ in Equation 6.1:

ϕA0 ∼ −V peqP̄
∫ ω̄+Γ

ω̄−Γ

∂

∂ω0

f(ω0 − ω̄) dω0 = −V peqP̄
2Γ

. (6.2)

Now, for the other limit case, optical saturation, FR is ϕA1. As mentioned before, this means that

p(ω0) receives deformity in the region ω0 ≈ ω̄, where a spectral “hole” appeared. Let its form be a

Gaussian-like L(ω), with maximum at ω = 0, an amplitude in range 0 < L(ω) < 1 and a width of

γ̃ > γh. With that, the formula for p(ω0):

p(ω0) = peq[1− L(ω0 − ω̄)]. (6.3)

From common sense or cumbersome theoretical calculations one can get restrictions, imposed

on the function L(ω): the magnitude of drop L(0) must change with the beam intensity I from

limI→0 L(0) = 0 to limI→∞ L(0) = 1, as for FWHM γ̃ its lower limit is obviously limI→0 γ̃ = γh,

it should also stay close to it for L(0) ≪ 1 and start grow for higher powers.

Putting Equation 6.3 into Equation 6.1 and making the assumption Γ ≫ γ̃, one can get for the

FR angle ϕA1:

ϕA1 = ϕA0 + V peq

∫

dω0P(ω0 − ω̄)L(ω0 − ω̄)
∂

∂ω0

f(ω0 − ω̄) ≈

≈ ϕA0 + V peqP(0)

∫

dω0L(ω0 − ω̄)
∂

∂ω0

f(ω0 − ω̄).

(6.4)

Combining the facts that the function L(ω0 − ω̄) significantly differs from zero at ω0 ∈ [ω̄ −
γ̃, ω̄ + γ̃] (where ∼ L(0)), and that P(0) ∼ P̄ , the formula for ϕA1 modifies to:

ϕA1 ∼ ϕA0 + V peqP̄L(0)
∫ ω̄+γ̃

ω̄−γ̃

dω0
∂

∂ω0

f(ω0 − ω̄) ∼ V peqP̄
[L(0)

2γ̃
− 1

2Γ

]

. (6.5)
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Remembering the above-mentioned restrictions onL(0) and γ̃, this function behave the following

way: first rises (L(0) increases), then arrives to its supremum at I = Ic and starts the gradual decay

(L(0) ≈ 1 , γ̃ increases). Equation 6.5 tells us that at some point the sign will be flipped, meaning

that ϕA1 is of opposite sign to ϕA0.

Apart of it, Equation 6.5 makes it possible to estimate the gain factor (ratio Γ/γh), that is

very significant (Ref. [35]) for the SNS to be observable on a chosen dopant ion. At Ic, depth

L(0) is almost 1, but FWHM γ̃ is still in the vicinity of the homogeneous width γh. Connecting

Equation 6.5 and Equation 6.2, the conveniently accessible in the experiment ratio R ≡ ϕA1/ϕA0

may be approximately evaluated:

R|I=Ic =
ϕA1|I=Ic

ϕA0

∼ Γ

γh
. (6.6)

With this, big number for the gain factor does relate not only to the “giant SN gain effect” [35],

but to a “giant nonlinear FR” as well.

Not being a part of this work, the thorough theoretical and numerical expressions lead to the

following formula for the ratio R:

R =
Γ2 + γ2

h

Γγh

πs

2
√
s+ 1

(√
s+ 1 + 1

)2 − 1, s ≡ Ω2
R

γhγexc
. (6.7)

ΩR ∼
√
I and γexc being the Rabi frequency and the excited-state decay rate, correspondingly.

Illustration for the reliance R(s) is demonstrated in Figure 6.7 The general behavior fulfills the

expected one from the nonlinear FR: with monotonous growth of probing power density, the

modulus of FR decreases until FR crosses zero and then increases with the inverted phase up to

much higher values.

Conventionally s ∼ I stays for the saturation factor. Fraction with all s in Equation 6.7 has a

supremum 0.27 located at s = sc = 4.81, which is equivalent for the above-mentioned Ic.
Under above-mentioned assumption Γ ≫ γh, Equation 6.7 provides a more precise outcome

than the estimation in Equation 6.6:

R|I=Ic = 0.27
Γ

γh
. (6.8)

With this formula one can perform approximate evaluation of the homogeneous width from the

gain factor and therefore the applicability of the SNS to the studied system.

6.4 Comparison of experimental results with theory

In Table 6.1 one finds the outcome of the determined from the experiment homogeneous linewidths

of the considered transitions and Equation 6.8. It turned out that the γh is on the same order of

magnitude for each end every examined via nonlinear FR transition - a few tens of MHz. As this

value strongly deviates from the expected kHz range, an alternative way to check the accuracy

of obtained results needs to be implemented. For that purpose was used the fact that amplitude
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of FR depends linearly on the magnetic field only if the Zeeman splitting is smaller than the

linewidth, which works for the dependence of amplitude of nonlinear FR on the amplitude of

oscillating magnetic field as well, the linewidth being the width of the burned spectral hole. So the

approximate evaluation of the width may be made via scanning the amplitude of the magnetic field

and recording the FR. That experiment was accomplished on the 862.68 nm line of Nd3+ in CaF2,

outcome is plotted in Figure 6.6. Power density, 0.3 W/cm2 was chosen in the region of linear

dependence of the nonlinear FR on probe power density - see Figure 6.6- where the FWHM of the

spectral hole stays almost unaffected by the laser light. Noteworthy, the magnetic field amplitude

for Figure 6.6 lays in the linear regime - see Figure 6.6 to justify the used small field approximation.

In Figure 6.6 one identifies that divergence from a line occurs near 0.5 mT, this field corresponds to

gµBB/h ≈ 21MHz for the mean g factor 3. Such result lays close to the precisely obtained values

in Table 6.1.

The theoretical calculations of the value are done in the work [35] or [48], where the following

formulae [61] was used to get the magnetic dipole-dipole interaction, leading to the homogeneous

broadening:

γh =
k̃Cg̃2µ2

B

ℏ
, (6.9)

g̃ being the characteristic g-factor of the impurity ion, k̃ ∼ 2.53 being a numerical parameter, ruled

by the relative values and signs of two pairs of g-factors of the ground and excited states of the

ion, and C being the impurity concentration. The approximate evaluation of γh with the help of

Equation 6.9 for the tetragonal Nd3+ center in the CaF2 crystal with C = 2.46 ·1019 cm−3 and g̃ = 4
leads to γh = 2π · 16MHz, that without taking in account other possible broadening mechanisms

and considering the experimental error is in a good agreement with the measured values of γh for

the transitions listed in Table 6.1.

No results from the literature were acquired for experimentally measured homogeneous linewidths

of the f -f transitions in exactly these transitions. Still, for other cases, different REE and their f -f
transitions, reported values lay in the range from tens of Hz to several GHz [56, 54]. Specifically,

in Ref. [7] the homogeneous width of the f -f transitions of Nd3+ in CaF2 at 9 K was as high as

350 MHz. Such works dedicated mostly to the seeking for the narrowest transitions, as they are

of interest for possible applications [57, 64, 83]. This work was not targeted for the optimization

to lessen the homogeneous linewidth of the transitions, so with alternative RE-doped crystals and

another transitions, it should be possible to observe even higher the gain factor, even by orders of

magnitude.

6.5 Conclusions

In this part of the work particular peculiarities have been shown for the nonlinear resonant Faraday

effect observed on the f -f transitions of trivalent rare-earth ions in crystals. It was demonstrated

that in case of strongly inhomogeneously broadened transitions adequately strong probing, the

diamagnetic term of FR can be boosted to be by orders of magnitude larger than itself at smaller

power densities. I.e. the gain factor, being gigantic for SNS, hidden in the regular linear Faraday

rotation may be unveiled in the nonlinear one, which becomes evenly gigantic. Performed mea-

surements also approve the connection between the SNS amplitude and the homogeneous width
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of the transition. Applied method of probing the optical transitions is good not exclusively for

proofing the applicability for SNS to the system, but also as a single-beam approach for extracting

the homogeneous width of the optical transitions of paramagnetic impurities in crystals.

Most of the presented results were published in [37].
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7.1 Spin noise spectroscopy on rare earth elements

It was previously [87] strongly believed, SNS signal on REE is too weak to be detected with

reasonable experimental conditions.

Reasoning is simple: highest magneto-optical activity is observed in media with strong and

narrow peculiarities in optical spectrum, therefore in SNS one needs to precisely tune laser wave-

length. Crystals and glasses with REE have two types of transitions: allowed interconfigurational

are mostly spectrally broad and narrow intraconfigurational are parity-forbidden, therefore, weak.

Both of these terms seem to give small contribution to the refractive index. A good semiquantitative

analysis is given in [87] with the help of the concept of the FR cross-section σF [24]. It turned out,

that in bulk n-doped GaAs, which is both well studied by SNS and giving signals close to the edge

of detection capabilities, the σF is on order of 10−15 rad cm2. For the most prominent paramagnet

from REE, CaF2:Tm2+ σF is only 10−19 rad cm2 even for strong interconfigurational transitions,

being even smaller for intraconfigurational ones [58]. But in this chapter we are showing that SNS

signal detection on classical EPR system -REE- is possible.

As specimens for SNS we use samples described in chapter 6: SrF2:Nd3+ (0.5 %)Yb3+ (0.15 %)

and CaF2:Nd3+ (0.1 %) crystals. The transmission spectra in Figure 7.1 (a,b,c) are measured in re-

gions, where transitions for Nd3+ and Yb3+ are expected. By cooling down from room temperature

to helium one, absorption peaks narrow down to width unresolvable by the spectrophotometer. At

low temperature a tunable laser direct Absorption Spectroscopy Figure 7.1 (b,c) is used to precisely

determine the absorption line width for both Nd3+ and Yb3+. Noticeable background modulation

for laser scans originates from etaloning on sample.

Spin noise spectra in Figure 7.1 (d,e) are obtained with setup scheme in Figure 5.1. PID

stabilizes laser wavelength on the center of the chosen transition. Each experimental line is the

difference between spectra with scattered light and without. Such approach allows one to overcome

spectra distortion at 0 Hz frequency caused by Faraday rotation taking place when magnetic field

is modulated. To check that the visible at B = 0mT peak relates to SNS, we apply magnetic field

B = 17mT and see a clear separation into several magneto-dependent components for both of the

studied elements Figure 7.1 (d,e).

Actually the possibility to see the Larmor precession selectively originates from the optical nature

of probing and is the significant advantage of optical SNS over conventional EPR measurements,

where all transitions from both ions are visible simultaneously, making the interpretation of the

experimental data significantly more cumbersome.

In principle single spectra at fixed known magnetic field like in Figure 7.1 (d,e) can be used

to define the g-factors of the peaks, but a magnetic field series is more reliable both in terms of

accuracy and peak-to-peak resolution. In Figure 7.2 we see single spin noise spectra for Nd3+(a)

and Yb3+(b) along y-axis being stacked for transversal magnetic field up to 27 mT. Color-encoded

amplitude of spectra makes it easier to notice that each of the components follows the linear trend,

dictated by the Zeeman effect:

EZ = µBgBextmj. (7.1)

Despite the seemingly simple relation, the presence of two kind of atoms can cause additional

reduction of the defect local symmetry, making the theoretical description and interpretation of

experimental data too complicated for the scope of this work.
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operator of angular momentum (spin) S are connected through the symmetric g-tensor:

mi = µgαikSk, (7.4)

where µ is the Bohr magneton. For the simplicity all paramagnetic centers accounted as two-level

systems described by the effective spin S = 1/2, but the computations can be generalized to any

spin. With that in mind, the spin operator matrices Si turn into Pauli matrices, and the matrix Hα

of the Hamiltonian of the center acquires the form:

Hα = −miBi = −µgαikSkBi ≡ −µhα
i Si,

|hα|2 = |B|2
[

(gα1 )
2 cos2 θ1 + (gα2 )

2 cos2 θ2 + (gα3 )
2 cos2 θ3

]

,
(7.5)

hα being the effective field, which amplitude is formulated in direction cosines (cos θi, i = 1, 2, 3)

of the magnetic field in the diagonalizing eigenvector basis of the tensor gα with principal values

gαi , i = 1, 2, 3. In the high-temperature limit, µ|hα| ≪ kBT (kB is the Boltzmann constant),the

equilibrium density matrix ρα can be written in the form:

ρα =
1− βHα

2
, β ≡ 1/kBT. (7.6)

The expected value of the i-th projection of the magnetization may be found like:

Mα
i = nSpραmi =

nβ

2
SpHαmi =

nµ2β

2
Bjg

α
jlg

α
ik

δlk/2
︷ ︸︸ ︷

SpSlSk, (7.7)

Sp being the trace of the matrix, and Kronecker symbol being the consequence of the orthogonality

of Pauli matrices. Symmetry of the tensor gα (gαik = gαki) allows the continuation of Equation 7.7:

Mα
i =

nµ2β

4
gαikg

α
kjBj =

nµ2β

4
[gα]2ijBj = χα

ijBj. (7.8)

With the help of this relation, one can extract the expression for the tensor χα, and get by summing

them up the magnetic susceptibility tensor of the whole crystal:

χα =
nµ2β

4
[gα]2, χ =

nµ2β

4

N∑

α=1

[gα]2. (7.9)

As noted in the starting assumptions, isotropy means χik = χ0δik, where χ0 is a scalar, so the

above-mentioned sum must be scalar as well, g20I (I is the unity matrix):

N∑

α=1

[gα]2ik = g20δik (7.10)

For the impurities in positions, that permute into each other under the symmetry transformations

of the crystal, principal values of the g-tensors coincide gαi ≡ gi, i = 1, 2, 3, but the axis alignment

does not. For such a situation the factor g20 from Equation 7.10 may be decomposed into the
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principal values of the g-tensors (g1, g2, and g3) by taking the trace of the right- and left-hand sides

of this formula:

g20 =
N

3
[g21 + g22 + g23] (7.11)

As for the EPR resonance frequencies of the whole crystal, the α-th group of centers is responsible

for a peak in the EPR spectrum at the frequency ωα defined by the difference of eigenvalues of

Hamiltonian (Equation 7.5): ℏωα = µ|hα|. Implementing the definition (Equation 7.5) for the

components hα
i of the effective field, the sum of squares of EPR frequencies can be written this

way:
N∑

α=1

ω2
α =

µ2

ℏ2

N∑

α=1

hα
i h

α
i =

µ2

ℏ2

N∑

α=1

gαikg
α
ijBkBj =

=
µ2

ℏ2

N∑

α=1

[gα]2kjBkBj.

(7.12)

A substitution of Equation 7.10 and Equation 7.11 gives the final formula:

N∑

α=1

ω2
α =

N

3

(
µB

ℏ

)2

[g21 + g22 + g23]. (7.13)

This way we got an analogous to the constant multidimensional squared Euclidean distance: the

sum of squares of the EPR frequencies from all magnetically non-equivalent centers of the same

type in a cubic crystal is invariant with respect to the magnetic field direction and is determined

numerically by the sum of squares of the g-tensor components of these centers. With different types

of centers, the amount of visualized lines raises, but for each type the invariant will be different.

Generally, it does not stop the recognition from being ambiguous even for a cubic case, still the

process is eased a lot. Noteworthy, Equation 7.12 may be rewritten to the form:

N∑

α=1

ω2
α =

4

nβℏ2
(M,B), M ≡

N∑

α=1

Mα, (7.14)

essentially meaning that independent of the crystal symmetry, the sum of squares of the EPR

frequencies of paramagnetic centers is determined by the projection of the total magnetization

M of these centers onto the magnetic field B. Therefore, a direct connection is given for the

magnetization and EPR frequencies of the dopants in crystals with arbitrary symmetry. With the

exception of cubic crystals, the sum is constant for uniaxial crystals if that the magnetic field is

rotated in its ”equatorial” plane.

Theoretical description of the observed EPR frequencies ωi, i = 1, 2, 3 for three groups of

tetragonal centers in the experimental conditions look like:
(

ℏω1

µBm

)2

= g2⊥ +
g2∥ − g2⊥

2
sin2 Θ

[

1 + cos 2α

]

(7.15)

(
ℏω2

µBm

)2

=
g2∥ + g2⊥

2
+

g2∥ − g2⊥

2
×

×
[(

sin2 Φcos2 Θ− cos2 Φ

)

cos 2α + sin 2Φ cosΘ sin 2α− sin2 Φ sin2 Θ

] (7.16)
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(
ℏω3

µBm

)2

=
g2∥ + g2⊥

2
+

g2∥ − g2⊥

2
×

×
[(

cos2 Φcos2 Θ− sin2 Φ

)

cos 2α− sin 2Φ cosΘ sin 2α− cos2 Φ sin2 Θ

] (7.17)

Where Bm is the modulus of the magnetic field, that does not change in that case. The angles Θ
and Φ specify the orientation of the axis of rotation of the magnetic field in the crystal coordinate

system. The angle α describes the rotation of the magnetic field in the plane perpendicular to the

specified axis of rotation. Functions Equation 7.15 – Equation 7.17 are 180◦-periodic and reaches

minimum once per each 180◦. As can be seen from the above expressions, all three minima are

the same and are determined by the value of g⊥ as ℏωi/µBm = g⊥, i = 1, 2, 3. These curves are

depicted on the experimentally obtained color map.

To get the value of the motion integral, a precise study of the data was needed. All three groups

having the same minima, close to ωmin = 2π · 185 · 106 rad/sec (see Figure 7.6 made possible

closer estimation of the real value Bm, Bm = ℏωmin/g⊥µ = 10mT (here g⊥ = 1.301). From

Equation 7.15 – Equation 7.17, the spectral position of resonance peak is defined by ℏω/µBm =
√

a+ b cos[2α] + c sin[2α], where α is the angle of the magnetic field in the plane of its rotation.

7.3 Summary

This part of the work demonstrates the gain factor, which can turn the tiles of applicability of SNS

for the RE paramagnetic impurities, extending the EPR spectroscopy with additional degrees of

freedom, inaccessible in the classical implementation: optical access leads to the spectral selectivity

and the focusing of the beam leads to the high spatial resolution in all dimensions. Continuing the

comparison of the SNS to the conventional EPR, the absence of fixed-frequency source and ability

to simultaneously obtain broadband spectra, no need in the state preparation and can be used in low

magnetic fields. This benefit allowed us to show, that the sum of squares of the EPR frequencies for

crystals with anisotropic paramagnetic centers is proportional to the projection of the magnetization

of the centers onto the magnetic field. In case of cubic symmetry the magnetization is collinear

to the applied field, and this sum stays constant upon rotation. The value of this constant is given

through the impurity’s g-tensor components and may be implemented for identification of the

centers. With all these advantages, the SNS is promising for the development of the magnetic

resonance spectroscopy of crystals and glasses with paramagnetic impurities.

Some results in chapter 7 are published in Ref [35], most of results in section 7.2 are published

in Ref [36].
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