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The title of the dissertation is "Magnetic resonance spectroscopy at the nanoscale
utilizing nitrogen-vacancy centers in diamond”. This title is characterized by clarity and
conciseness, adeptly encapsulating the thematic essence of the dissertation and consisting
of all necessary key words.

Research problem and aims

The presented work explores the application of paramagnetic nitrogen-vacancy (NV)
color centers in diamond for quantum sensing and imaging. The optically accessible spin
states of NV centers, combined with their long coherence times, make them ideal candidates
for precise measurements of magnetic fields, currents, and temperature.

The research hypothesis of presented work is as presented: is it feasible to combine
nanodiamond powders with readily available optical equipment, e.g. optical fibers and
scanning probes, to create an innovative sensor for measuring temperature, electric
currents, magnetic fields, and their gradients.

The research hypothesis has been correctly defined and corresponds to the content
of the dissertation. The dissertation can be classified as an interdisciplinary work because it
concerns the issues of producing new materials in sensors. The dissertation is experimental
in nature.

The objectives of the work were not, in my opinion, explicitly presented in the
dissertation. The presented research issues and solutions that were treated as research
objectives are presented in attached research papers in the most relevant form. They
effectively address the critical challenge of nanoscale magnetic resonance spectroscopy by
leveraging the unique properties of nitrogen-vacancy (NV) centers in diamond. The research
objectives, clearly outlined in the attached papers, are both significant and timely. The
author's innovative approach, including the development of custom measurement systems
and novel techniques, has led to substantial advancements in this field.

The detail comments to the PhD candidate according to the research methodology
have been presented in the chapter comments to the Author.

Literature review

The literature review comprehensively addresses and broad spectrum of subjects. It
progresses through the latest state-of-the-art progress in the magnetic resonance
spectroscopy and nitrogen-vacancy centres in diamonds. The review extensively
incorporates numerous recent and pivotal works. However, due to the broad range of topics
covered by this literature review, a more judicious approach would focus on the limited



areas of interest as opposed to presenting references devoid of a detailed explication or
comments.

The Author has encompassed a diverse array of topics within the literature review,
commencing with the investigated object such as diamond and diamond with vacancies,
progressing through a detailed discourse on measuring methods. Consequently, the
literature review, while comprehensive in scope, exhibits a certain generality and does not
provide an apt background requisite for addressing the motivation for focusing on the
specific topic that constituted the focus of the Ph.D. student's research.

Within the confines of the literature review, it is noted that the Author of the
dissertation recurrently references numerous literary works successively in the final
sentence, without corresponding contextual elucidation or commentary within the textual
content of the specified references. The detail comments to the PhD candidate have been
according to the literature review has been presented in the chapter comments to the
Author.

Research methodology

The doctoral research focuses on the study of nitrogen-vacancy (NV) centers in
diamond using advanced microscopy and spectroscopy techniques, with an emphasis on the
development and application of custom experimental setups. Central to the methodology is
a wide-field microscope built by the author, which facilitates optical and microwave
manipulation of NV spin states and the collection of photoluminescence for imaging. This
setup integrates a 532 nm CW diode-pumped solid-state laser for wide-field illumination,
optimized through beam expansion and focusing optics to ensure uniform excitation of the
sample. Photoluminescence from the NV centers is collected through the same microscope
objective, separated from excitation light via a dichroic mirror, filtered to remove
background noise, and focused onto an CMOS camera for imaging. The system includes a
microwave generator that delivers resonant microwave fields through custom-designed
antennas to manipulate the electron spin states of NV centers. Samples are positioned with
a motorized XYZ translation stage, allowing precise alignment with the microwave field. An
external magnetic field, provided by a neodymium magnet, is carefully aligned with the NV
centers to manipulate their spin energy levels. Synchronization of the laser, microwave
signals, and photoluminescence detection is achieved using a digital pattern generator,
ensuring precise operation of all components. The methodology incorporates continuous
light illumination and background subtraction techniques to enhance signal-to-noise ratios
in optically detected magnetic resonance (ODMR) experiments.

Confocal microscopy complements the wide-field setup, offering higher spatial
resolution for imaging individual NV centers. A 532 nm laser is focused onto the sample
using an oil-immersion objective mounted on a piezo stage, enabling precise three-



dimensional scanning. Fluorescence is isolated from the focal plane using a pinhole and
directed to a single photon counting module, reducing out-of-focus noise and improving
contrast. The confocal configuration achieves submicrometric axial and lateral resolution,
calculated based on the numerical aperture of the objective and the laser wavelength.
Photoluminescence spectroscopy is employed as an additional technique, leveraging the
adaptability of the wide-field and confocal setups. Minor modifications allow the collection
of spectral data from NV photoluminescence, providing valuable insights into the
surrounding environment and material properties. This versatility makes the setup suitable
for applications ranging from quantum sensing to material characterization. The
experimental systems are managed using custom scripts in LabVIEW and the software suite.
Qudi’s modular design integrates logic modules for experiment control, graphical user
interfaces for data visualization, and hardware translation modules to communicate with
experimental devices. The use of Qudi ensures synchronized operation across all
components, enabling precise control over complex experimental procedures.

The research presents a comprehensive methodological framework including wide-
field and confocal microscopy with photoluminescence spectroscopy. The custom-built
setups offer robust, versatile tools for studying NV centers in diamond, with significant
implications for quantum sensing, magnetometry, and materials science. These
methodologies demonstrate the potential use of NV centers as sensitive probes for sensing
physical quantities.

The research methodology articulated in the manuscript was thoughtfully chosen to
align with the thematic focus of the undertaken investigation. The Author of the dissertation
exhibited proficiency across a spectrum of research techniques, encompassing the synthesis
of compounds, examination of their properties, and the adept design and implementation of
measurement system. It should therefore be stated that the research methodology used in
the work submitted for evaluation is correctly selected for the specific research problem and
assumed research goals. During the implementation of the work, the PhD student
demonstrated skills in a very wide range of skills. The detail comments to the PhD candidate
have been according to the literature review has been presented in the chapter comments to
the Author.

Analysis and interpretation

The analysis and interpretation of the results of the work are presented in attached
manuscripts. Authors presents characterization of the used samples and provides
appropriate comments with quality or quantity results, such as imaging or analysing of
measured relationship. The results of the measurements are shown in the figures, and the
details comments are provided.



It should be highlighted that eventhough results and data analysis has been
meticulously composed, ensuring clarity and comprehensibility for the reader, while
concurrently delivering the requisite analysis of the conducted research in the attached
manuscripts, there is still a lack of such a chapter in the presented thesis. Having such a
chapter can make the outcomes of the work more visibility and easier to evaluate.

Technical aspects:

The dissertation was written carefully both in terms of the language used and as well
as in terms of editing. The examined work contains many drawings, block diagrams of
measurement systems and methods. All drawings containing diagrams of measurement
systems, presenting the principle of the measurement method are well described and mainly
functional. There exist figures, exemplified by, for instance, 2.2 and 2.5, which appear
redundant and exert minimal impact on the overall quality of the thesis. Additionally, these
figures delineate commonly recognized devices and methods as articulated in the literature.
A more judicious approach would entail referencing articles that incorporate such figures,
as opposed to presenting well described schemes.

The structural composition of the doctoral dissertation, presented for evaluation,
stands as an exemplar of logical coherence. It influences a clear and comprehensible
understanding of the subject matter and the conducted research. The narrative is
characterized by grammatical accuracy, with coherent sentence structures throughout. No
instances of spelling errors have been identified within the textual content. The Author
present very adequate and detailed list of the acronyms and symbols which is very useful
while reading the manuscript. However, in many cases the terminology employed is not
precise nor aptly tailored to the thematic focus.

The main disadvantage of the presented work is the lack of the “Results” chapter,
which can be felt in the understanding and evaluating of the thesis.

Comments and questions to the Author of the dissertation.

o The Authors presents references devoid of a explication or comments: e.g. page 1 [1-
4]; page 3. [14,15] as well as referencing to 58 and 59 without any comments.

o The Author uses often commonly used terms which are not only inadequate for the
Doctoral thesis but also not precise: page: 2" better sensors based on quantum physics could
be used to [...] detect life on other planets.”; the first paragraph of the 2nd chapter.

o The Author uses unprecise terms, e.g.: page 3: “...be non-invasive due to its nano-size”.
Application of a small-dimension sensor does not mean that the measurement will be
conducted in non-invasive way; page 12 “extreme pressure and temperature”.



Question:

1.

The introduction of the colour centers into the diamond is presented in the chapter 2.3 of
the thesis. This description is generic and therfore I would like to ask the candida to
describe in detail her way of producing such samples.

The Author writes:” The following section outlines the most prevalent techniques.”
However, only the ODMR is presented in that chapter. My question is, what other
techniques should be presented? Additionally, I would like to ask the candidate to
compare their metrological parameters in terms of applying them for the Authors sensing
applications.

[t is necessary to explain in detail the Q-shaped microstrip line antenna basic parameters
as well as the process of combining it with the fiber bundle.

In accordance with the details provided in Chapter 3.3, a comprehensive description of
the investigated sample and its associated parameters is required.

The Author should explain why she did choose to investigate fibers with facets coated
with nanodiamonds. Additionally, she should describe the parameters of fibers she used.
It should be explained what kind of other application could be found for the wield-field
imaging with NV diamonds.

The author writes that elaborated sensors can be a promising candidate for a variety of
application, including medical imaging and environmental monitoring. This statement
requires a broader comment with explanation what stands for this statement.

[ would like to ask Author to outline clearly her input in the attached manuscript works.

Conclusion

It is imperative to affirm that Zuzanna Orzechowska, the Author of the dissertation,

has successfully attained the stipulated objective of the dissertation, namely, the " Magnetic
resonance spectroscopy at the nanoscale utilizing nitrogen-vacancy centers in diamond."
Consequently, it can be deduced that the scrutinized work delineates an original resolution
to a scientific problem undertaken by the dissertation Author, underscoring her
comprehensive theoretical acumen in the relevant scientific discipline. This, in turn,
warrants a recommendation for the conferral of a doctoral degree.

My overall evaluation of the work is highly favourable. The dissertation has been

meticulously crafted, with due diligence evident throughout its preparation. The results
expounded therein are judiciously substantiated by the research findings, reinforcing the
scholarly merit of the work.



