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Fig. 1. (a) The number of papers related to photoelectron spectroscopy in recent years; (b) common application fields of photoelec-

tron spectroscopy (Source: web of science—Results obtained by searching for keywords related to photoelectron spectroscopy);

(c) common research systems of photoelectron spectroscopy.
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Fig. 2. (a) Photoelectron excitation and collection schematics; (b) relationship between photoelectron intensity and electron density

of states; (c) relationship between the average free path of photoelectrons inside the material and photon energy. Panel (b) reprin-

ted with permission from Ref. [14], copyright 2019 by the Springer Nature; panel (¢) reprinted with permission from Ref. [35], copy-

right 1979 by the John Wiley and Sons.
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Fig. 3. Role of machine learning in photoelectron spectroscopy. The application of machine learning is mainly divided into four as-

pects: noise reduction of photoelectron spectroscopy data; accelerated elemental analysis; extraction of physical information in the

photoelectron spectroscopy (such as the electronic structure information); and the photoelectron spectroscopy of the material is pre-

dicted by combining the results of theoretical calculations.
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Fig. 4. Machine learning methods in noise reduction of photoelectron spectroscopy data. Method 1: noise data is generated to simu-

late the noise, so as to train the noise reduction network®6; method 2: noise and clean spectral data are extracted by different net-

works, and then combined to form the generated data. Therefore, the loss function of both methods is to evaluate the similarity

between the generated data and the original datal®"62.
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Fig. 5. Results of k-means when the number of clusters is 8: (a) Spatial distribution of each of clusters for different number of

clusters; (b) mean-EDCs obtained by averaging the cluster members in each cluster. Reprinted with permission from Ref. [64], copy-

right 2022 by the Springer Nature.
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Fig. 6. (a) Band reconstruction process with Markov random field: The ARPES data obtained from the experiment are prepro-
cessed, and the initial values of the first-principles calculation are input into the Markov random field. The obtained results are
post-processed to form a photoelectric emission dispersion surface arranged exponentially according to the energy band, that is, the
band structure; (b) the reconstructed 14-layer valence band; (¢) the superposition of the reconstructed band dispersion (red line)
and the data mapped in the photoelectron energy band. Reprinted with permission from Ref. [69], copyright 2022 by the Springer

Nature.
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Fig. 7. Flow chart of machine-learning procedure. It is used to extract normal self-energy X(k,w)™" and anomalous self-energy

Y(k,w)*™ from the experimentally observed spectral function A(k,w). Reprinted with permission from Ref. [73]|, copyright

2021 by the American Physical Society.
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(a) H—O bonds Hydroxyl

P8 LT 7 B R a FAR U [ S S 45 5 B A XPS

(b) 36% O
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— 15% O

E 5 AKS+shift

— - Santini et al. (exp.)
36% O
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15% O
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Energy/eV

(a) i J11 SOAP Z {4 i 45 4k B CHO 1 BHEUHR P2 AR 15 (1 56 T 3%

K Z AT A (b)—(d) a-CO, 1 C 1s 3. Hi KA1 C T TTlk TOLRE i B9EOK 6 X, MR IK (1 C T STk 7Ok

BB G DX . 51 A 225 S0 [97], IRAUR TR R AL 22

Fig. 8. Smooth overlap of atomic positions and kernel ridge regression are used to predict the binding energy and XPS: (a) Using

SOAP multi-body descriptor to process the cluster-based multidimensional scaling map obtained from CHO material database;

(b)—(d) the C 1s spectra of a-CO,, the light gray C atoms contribute to the light gray region in the spectrum, while the dark gray C

atoms contribute to the dark gray region in the spectrum. Reprinted with permission from Ref. [97], copyright 2022 by the Americ-

an Chemical Society.
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9 (a) InAs(001) B2(2 x 4) IRALEIFIMALE; (b), (c), (d) 43318 InAs(001) B2(2 x 4) B&HF 2544 Y zy-unfolding, zunfolding,
bulk unfolding; (e) InAs(001) B2(2 x 4) F 7 HLIIX. 514 A S 3C#k [99], WiAURE T John Wiley and Sons

Fig. 9. (a) InAs(001) 82(2 x 4) top view and side view; (b), (c), (d) zy-unfolding, zunfolding, bulk unfolding of InAs(001) 32
(2 x 4) band structure, respectively; (e) the Brillouin zone of InAs(001) 82(2 x 4) surface. Reprinted with permission from Ref. [99],

copyright 2022 by the John Wiley and Sons.
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Fig. 10. Existing and future machine learning methods for angle-resolved photoelectron spectroscopy.
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Abstract

Photoelectron spectroscopy serves as a prevalent characterization technique in the field of materials science.
Especially, angle-resolved photoelectron spectroscopy (ARPES) provides a direct method for determining the
energy-momentum dispersion relationship and Fermi surface structure of electrons in a material system,
therefore ARPES has become a potent tool for investigating many-body interactions and correlated quantum
materials. With the emergence of technologies such as time-resolved ARPES and nano-ARPES, the field of
photoelectron spectroscopy continues to advance. Meanwhile, the development of synchrotron radiation facilities
has led to an increase of high-throughput and high-dimensional experimental data. This highlights the urgency
for developing more efficient and accurate data processing methods, as well as extracting deeper physical
information. In light of these developments, machine learning will play an increasingly significant role in various
fields, including but not limited to ARPES.

This paper reviews the applications of machine learning in photoelectron spectroscopy, mainly including the
following three aspects.

1) Data Denoising  Machine learning can be utilized for denoising photoelectron spectroscopy data. The

* Project supported by the National Key Research and Development Program of China (Grant No. 2021YFA1200904), the
National Natural Science Foundation of China (Grant Nos. 12375326, 62205338), and the Technological Innovation Program
of the Institute of High Energy Physics of the Chinese Academy of Sciences (Grant No. E35457U210).

# These authors contributed equally.

1 Corresponding author. E-mail: linazhao@ihep.ac.cn

210701-20


https://proceedings.mlr.press/v162/stark22a.htm
https://proceedings.mlr.press/v162/stark22a.htm
https://proceedings.mlr.press/v162/stark22a.htm
https://proceedings.mlr.press/v162/stark22a.htm
https://proceedings.mlr.press/v162/stark22a.htm
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1103/PhysRevLett.120.145301
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1016/j.patter.2020.100142
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41524-021-00650-1
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41598-021-91068-8
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1038/s41467-022-28543-x
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1021/acs.chemmater.1c04252
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1007/s11837-022-05199-y
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.xcrp.2023.101555
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.commatsci.2021.110314
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1016/j.compchemeng.2021.107599
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1039/D2DD00149G
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1109/TFUZZ.2016.2633376
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1039/D0CC02657C
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1021/acscentsci.9b00804
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
https://doi.org/10.1038/s41524-023-01000-z
mailto:linazhao@ihep.ac.cn
mailto:linazhao@ihep.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 210701

denoising process via machine learning algorithms can be divided into two methods. Neither of the two methods
need manual data annotation. The first method is to use noise generation algorithms to simulate experimental
noise, so as to obtain effective low signal-to-noise ratio data pair to high signal-to-noise ratio data pair. And the
second method is to extract noise and clean spectral data.

2) Electronic Structure and Chemical Composition Analysis Machine learning can be used for analyzing
electronic structure and chemical composition. (Angle-resolved) photoelectron spectroscopy contains abundant
information about material structure. Information such as energy band structure, self-energy, binding energy,
and other condensed matter data can be rapidly acquired through machine learning schemes.

3) Prediction of Photoelectron Spectroscopy The electronic structure information obtained by combining
first-principles calculation can also predict the photoelectron spectroscopy. The rapid acquisition of
photoelectron spectroscopy data through machine learning algorithms also holds significance for material design.

Photoelectron spectroscopy holds significant importance in the study of condensed matter physics. In the
context of the development of synchrotron radiation, the construction of an automated data acquisition and
analysis system can play a pivotal role in studying condensed matter physics. In addition, adding more physical
constraints to the machine learning model will improve the interpretability and accuracy of the model. There
exists a close relationship between photoelectron spectroscopy and first-principles calculations of electronic
structure properties. The integration of these two through machine learning is anticipated to significantly
contribute to the study of electronic structure properties. Furthermore, as machine learning algorithms continue
to evolve, the application of more advanced machine learning algorithms in photoelectron spectroscopy research
is expected. Building automated data acquisition and analysis systems, designing comprehensive workflows
based on machine learning and first-principles methods, and integrating new machine learning techniques will
help accelerate the progress of photoelectron spectroscopy experiments and facilitate the analysis of electronic
structure properties and microscopic physical mechanisms, thereby advancing the frontier research in quantum
materials and condensed matter physics.

Machine learning
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energy distribution
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