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Abstract

The unusual citation profile of the 1985 Physics Nobel Prize paper has been analyzed. The
number of citing papers per year exhibits a maximum of 123 citations in the mid-1980s
and increases to more than 200 citations about two decades later. The publication set of the
citing papers was analyzed in terms of co-authorships and research topics. The USA and
(more recently) the People’s Republic of China appear prominently among the countries
of the citing authors. A keyword analysis of the citing papers revealed research dealing
with topological insulators as one of the major newly evolving research topics. An analy-
sis of the co-cited papers has been performed via reference publication year spectroscopy
(RPYS). The most-frequently co-cited papers (the peak papers of the RPYS spectrogram)
were identified and discussed. As a result, we found two primary booster papers and three
secondary booster papers that renewed the interest in the 1985 Physics Nobel Prize paper.

Keywords Bibliometrics - 1985 Physics Nobel Prize paper - Booster paper - Quantum Hall
effect - RPYS

Introduction

Scientific publications (especially journal articles) usually increase their number of cita-
tions per year during the first few years after publication before exhibiting a more or less
distinct peak. Afterwards, the number of citations per year overall declines. The posi-
tion of the citation peak mainly depends on the field. However, there is also a variation
between publications in the same field regarding the peak location. Normal publications
decay to a very low number of citations that is close to zero after several years. This can
be explained by the gradual obsolescence of the publications’ contents (Seglen, 1992).
Citation classics (Garfield, 1977) decay slower and to a higher annual number of cita-
tions. It is, however, very unusual if the annual citation profile has already declined and
leveled off to a certain number of citations per year and many years (maybe decades)
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later increased drastically in the number of citations per year, e.g., reaching twice of
the number of citations of the peak a few years after publication. Such an annual cita-
tion profile indicates a new or renewed interest in the cited publication. As explained
below, the 1985 Physics Nobel Prize paper turned out to exhibit such an unusual cita-
tion profile.

The 1985 Physics Nobel Prize was awarded to a single person—Klaus von Klitzing—
“for the discovery of the quantized Hall effect” (Nobel Prize Outreach AB 2021, 1985)
that was presented in a paper published in 1980 (von Klitzing et al., 1980). At that time in
1980, it was unexpected that an electrical resistance on a solid-state device could exclu-
sively depend on fundamental physical constants: The Hall resistance of a two-dimensional
charge carrier system shows well defined plateaus as function of charge carrier density or
applied magnetic flux density, given by Ry =h/(ve’) where v =i is an integer number, e
the elementary charge, and & the Planck constant. At high magnetic field the eigenenergy
spectrum for the charge carriers gets discrete, energy gaps appear, so-called Landau levels
are formed in a homogeneous system. Charge carrier localization due to disorder, stabiliz-
ing an insulating bulk within the two-dimensional charge carrier system, plays obviously
an important role for the plateau width. In two-dimensional electron systems (2DES) of
higher quality, in 1982 Hall resistance plateaus with rational fractional v were observed,
honored by the Nobel Prize in 1998, nowadays denoted as fractional quantum Hall effect.
Their existence has been related to electron—electron correlations within the 2DES, lead-
ing to the appearance of an energy gap and therefore electrical incompressibility/insula-
tion for certain ratios of electron number and magnetic flux quanta sharing the same area
of a homogenous 2DES. With improving sample quality and reaching lower temperature,
more and more exotic quantum Hall states have been observed, challenging the theoretical
understanding and triggering even ideas for application in quantum computation.

Klaus von Klitzing realized from the beginning the importance of the integer quantum
Hall effect for metrology (von Klitzing, 2019). Since 1990, the quantized Hall resistance
has been used as resistance standard. The accuracy of the quantized Hall resistance has
been confirmed to better than 107 by comparing quantum Hall devices based on different
materials—since 2003 also including single-atom layer thin flakes like graphene (Phys-
ics Nobel Prize in 2010). Remarkably, due to the band structure of graphene the electrons
behave there as massless Dirac fermions. The integer quantum Hall effect paved the path
for the fundamental redefinition of the SI Units in 2019, eliminating the use of artifacts like
the unique representation of 1 kg in Paris, France.

Quantum Hall samples have in common an insulating bulk and conductive edges,
induced by the applied magnetic field; they represent a special type of topological insula-
tor. Realizing this, since then materials have been classified—based on their band struc-
ture properties—in categories of topological insulators with special edge or surface state
properties.

The 1985 Physics Nobel Prize paper turned out to be a citation classic. Its annual num-
ber of citations increased approximately linearly from 1980—the year of publication—until
1986 to 123 citing papers (see Fig. 1). Afterwards, its annual number of citations decreased
approximately linearly until 1990 and leveled off to about 70 citing papers per year. About
one and a half decades later, the number of annual citations increased drastically up to 293
citing papers in 2021. This indicates a new or renewed interest in the 1985 Physics Nobel
Prize paper. In this study, we aim to answer the following research questions: What is the
cause of this renewed interest? What sparked this renewed interest? Can we identify a spe-
cific paper (or group of papers) that initiated this late increase in annual number of cita-
tions? Which of the topics of the before briefly described timeline of events is related to the
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Fig. 1 Annual citation profile of the 1985 Physics Nobel Prize paper. Citing papers from 2022 were
excluded from this plot because this year was incomplete at the time of data collection

renewed interest? Papers that initiate such a renewed interest in other papers may be called
“booster papers” because they boost the annual citation profile of other papers.

We propose to compare the results from term co-occurrence maps (keywords, author’s
names, and author’s countries) with co-citation analysis results, especially in the time
period shortly before the increasing number of annual citations. The annual number of cita-
tions started to increase in 2008 as this number has not reached such a level since 1988.
Considering citation and indexing delays, we start the search for booster papers a couple
of years earlier, i.e., in this case in 2005. We expect that the relevant booster papers were
published until 2010 as the citation profile shows an overall continuous growth since 2008
with the exception of a few years. If topics of very frequently co-cited papers can be found
in the topic map of the citing papers of the focal paper (here: the 1985 Physics Nobel Prize
paper), the very frequently co-cited papers are very likely to have had a booster effect on
the focal paper. The more prominent the topics of the co-cited papers, the more likely it is
that booster papers are being identified. If additionally, authors and authors’ countries of
all citing papers of those very frequently co-cited papers can be found in the maps of the
citing papers of the focal paper, the likelihood increases that those very frequently co-cited
papers had a booster effect on the focal paper.

Methods and dataset

We used data from Web of Science (WoS; Birkle et al., 2020) provided by Clarivate
Analytics. We extracted all metadata (with cited references) from all papers citing the 1985
Physics Nobel Prize paper on October 20, 2022, from the web interface of WoS (https://
login.webofknowledge.com). Papers citing the 1985 Physics Nobel Prize paper were
searched via the cited reference search using all editions (i.e., citation indices) of WoS
core collection: Science Citation Index Expanded, Social Sciences Citation Index, Arts
& Humanities Citation Index, Conference Proceedings Citation Index—Science, Confer-
ence Proceedings Citation Index—Social Science & Humanities, Book Citation Index—
Science, Book Citation Index—Social Sciences & Humanities, Emerging Sources Cita-
tion Index, Current Chemical Reactions, and Index Chemicus. Although the 1985 Physics
Nobel Prize paper is indexed in WoS, many citing papers are not linked to it. Therefore, a
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cited reference search is necessary for obtaining a complete dataset. We used the following
cited reference search data: (1) cited author: ‘klitzing* or vonklitzing* or “von klitzing*””’,
(2) cited work: ‘(physical review letters) or (phys. rev. lett.)’, and (3) cited year: ‘1980°. We
retrieved the metadata of 4770 publications. Figure 1 shows the unusual annual citations
profile.

We used VOSviewer (van Eck & Waltman, 2010) to map the co-occurrence of author-
keywords, co-authors, and countries of authors of the papers citing the 1985 Physics Nobel
Prize paper. The distance between two nodes is determined by the co-occurrence frequency
of the terms. The size of the nodes is dependent on the number of papers with a specific
keyword, co-author, or author country. Nodes can be colored according to various char-
acteristics (e.g., cluster assignments, average number of citations, or average publication
years). We color the nodes according to the average publication years of the publications
connected to them.

We included all author keywords that occurred at least five times. The co-authorship
map was constructed based on co-authors that appeared at least ten times. The two name
variants ‘vonklitzing, k’ and ‘von klitzing, k’ were unified to ‘von klitzing, k’. We included
all countries that occurred at least five times in the author’s affiliations. These thresholds
were determined to produce meaningful maps. In addition to the static VOSviewer maps,
we produced interactive versions via VOSviewer Online (van Eck & Waltman, 2021a,
2021b).

The references cited in the citing papers were analyzed with regard to the frequencies of
the reference publication years using CRExplorer (https://crexplorer.net; Thor et al., 2016a,
2016b; Thor et al., 2018a, 2018b). This analysis is called RPYS-CO (Reference Publica-
tion Year Spectroscopy based on co-cited papers). In this case, all papers that are co-cited
with the marker paper (the 1985 Physics Nobel Prize paper) were analyzed. This analysis
takes advantage of the fact that concurrently cited (co-cited) papers are more or less closely
related to each other. One can select the citation environment of a specific reference (here:
the 1985 Physics Nobel Price paper) in the form of all co-cited references (here: 107,284
distinct co-cited references) and analyze these co-cited references. CRExplorer offers the
possibility of automatically clustering and merging variants of the same co-cited reference.
We used this possibility with a Levenshtein threshold of 0.75 using volume and page num-
bers for clustering the co-cited references. This procedure aggregated 404 co-cited refer-
ences. To sharpen the spectrogram, we removed all co-cited references that occurred less
than ten times. This procedure removed 103,481 co-cited references. The remaining set
of 3399 co-cited references was analyzed. We extracted for each co-cited reference values
such as the reference publication year (RPY), the number of co-cited references (N_CR),
and the proportion to which they are responsible for the sum of all N_CR values in the cor-
responding RPYs (PERC_YR). PERC_YR values depend on the N_CR threshold below
which co-cited references are discarded (here, the N_CR threshold of ten was used, see
above).

The RPYS-CO method (Haunschild & Marx, 2019, 2020; Marx et al., 2017) is an
extension of the standard RPYS method (Marx et al., 2014; Marx, 2021), which enables
one to reveal the origins or historical roots of research topics. The RPYS-CO method has
been applied to some research topics, e.g., density functional theory (Haunschild & Marx,
2020) and climate change (Marx, et al., 2017) while the standard RPYS methodology has
been applied broader so far, e.g., references cited in a journal (Haunschild et al., 2019),
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health equity (Yao et al., 2019), individual researchers (Bornmann et al., 2018; Bornmann
& Haunschild 2023; Leydesdorff et al., 2016). The specific cited reference in RPYS-CO
should be a prominent and seminal work, which is used as a kind of marker paper or tracer
reference for a specific research topic. We assume that papers, which cite the selected
marker paper, are potential candidates for also citing many other references relevant in a
subject-specific context. Therefore, these co-cited papers will be suitable candidates for our
search for booster papers.

The RPYS spectrogram was plotted using R (R Core Team, 2018) with the R pack-
age ‘BibPlots’ (Haunschild, 2021). In addition to the static RPYS plot in this paper, we
produced an interactive RPYS graph using the R package ‘dygraphs’ (Vanderkam et al.,
2018). We analyzed the RPYS spectrogram regarding relevant peaks of the five-year
median deviation. Tukey’s fences (Tukey, 1977) were used to support the identification of
the most important peaks: Important peaks are flagged based on the interquartile range of
the median deviations (Bornmann et al., 2018). Special emphasis during the RPYS analysis
is put on the time period between 2005 and 2010, because we expect to find booster papers
in this time period based on the annual citation profile in Fig. 1.

Results

Figure 2 shows the co-occurrence network of 96 author keywords of the papers citing the
1985 Physics Nobel Prize paper. Before constructing the network, we merged obviously
synonymous keywords and deleted too general keywords using a VOSviewer thesaurus
file, see Appendix. That step has not required specific knowledge about the topic. The key-
word ‘“‘uncertainty” was disconnected from the network. Thus, we dropped this keyword,
too. The nodes are colored by the average publication year.

Not surprisingly, the keywords ‘quantum Hall effect’” with the satellites ‘integer quan-
tum Hall effect’, ‘fractional quantum Hall effect’, and ‘two-dimensional electron system’
have a rather old average publication year. In contrast, the strong appearance of the key-
word ‘topological insulator’ in recent years is striking. It links other—young—keywords
to the keyword ‘quantum Hall effect’, i.e., ‘topological materials’, ‘topological phase’,
‘topological phase transition’, ‘topological photonics’, ‘topological semimetal’, ‘topology’,
‘band inversion’, ‘spin-orbital coupling’, ‘spintronics’, ‘Weyl semimetal’, ‘bulk-edge corre-
spondence’, ‘Chern insulator’, ‘Chern number’, ‘quantum anomalous Hall effect’, ‘photonic
crystal’, to mention some of those. It appears as a very recent, strong extension of the origi-
nal field. Less pronounced but also with weight in recent years—although on average more
in the past—are those keywords which are linked to ‘graphene’ (with the new keyword
‘Dirac particle’), and ‘metrology’ (‘international system of units’, ‘Kibble balance’, ‘von
Klitzing constant’ etc.). The graph reflects obviously the development of the quantum Hall
effect as outlined in the introduction.

Moreover, the graph shows quantitatively the scientific interest in terms of publications
in the respective field, represented by the keyword’s node size. The keyword ‘edge state’
has a relatively strong weight and is located between both central keyword nodes ‘quantum
Hall effect’ and ‘topological insulator’, with connections to both sides. The keyword was
obviously present already before the new field ‘topological insulator’ became important.
By that, the graph tells us, there seems to be a deeper connection, which is indeed the case:

@ Springer



Scientometrics

®
nonlineagtransport

thepry
breakgown
integer quangum hall effect iii-v semig@ndyctors
tunngli
ANeing ‘photu)um‘nescen:e
¢ gallium@rsenide ac quantum hall effect
; t t
weak loglization 2dl electfign) system Yogenic ot comparator
scanning tunneling spectroscop siligon
scanning tunneling microscopy.
localigation
heterostFuctures
®
landauJevel

surface stategp

first-principles calculations b ; 4
quantum phase transition @ q ua ntw I effe Ct
L

|
hene .
cherninumber topological semimetal wa%r‘ bilayer graphene
topological materials &
quantum spin hall effect nangs@ciures
: : uan dot i
topologlcal insulator quani@n metgglogy . von Kiitzing constant
chern insulator quantum wires
quantum anomalous hﬂall effect™ quaht(m peint contact
phase transitions S planckigonstant
edge“'étate topological states josephsen effect —
berry curvature watt balance
shot#hoise
photonic crystal
topology
entanglement
metamaterials L :
quantuh optics 2005 2010 2015 2020

bulk-edge correspondence

Fig.2 Co-occurrence network of 96 author keywords that occur at least five times in the citing papers. The
nodes are colored by the average publication year. An interactive version can be viewed at: https://s.gwdg.
de/kAXUxo

A ‘topological insulator’ is characterized by special conductive edges/surfaces and an insu-
lating bulk as a consequence of the material’s band structure—a quantum Hall sample is
analogous.

Based on the keyword map in Fig. 2, we defined—driven by the intrinsic connections
as described before—broader topics and defined WoS queries to capture the corresponding
papers within the set of papers that cited the 1985 Physics Nobel Prize paper:

Topological insulator: TS = (“Topological insulator$” OR “Topological phase$”)
Graphene: TS = (Graphene OR Dirac)
Fractional QHE: TS =( (Fractional SAME (Hall OR QHE)) OR “Electron Correla-
tion$” OR “Composite Fermion$”)

e Metrology: TS =(Metrolog* OR “SI Units” OR “Watt Balance” OR “Kibble Balance”
OR “Resistance Standard*”")

The annual number of papers for these topics within the set of papers that cited the 1985
Physics Nobel Prize paper is shown in Fig. 3. The figure clearly shows that the revival of
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Fig.4 Co-authorship network of the citing papers of those co-authors that appear at least ten times. Only
the large component of 176 connected out of a total of 194 nodes is shown. The nodes are colored by the
average publication year. An interactive version can be viewed at: https://s.gwdg.de/vzXWrl. The full net-
work with all 194 nodes can be viewed at: https://s.gwdg.de/RiURUK

the 1985 Physics Nobel Prize paper is tied to the topics ‘topological insulator’ and ‘gra-
phene’. The rise of the topic ‘graphene’ appears before ‘topological insulator’, however, the
latter now becomes dominant. With fluctuations in the past, after 2010 also the clustered
keywords ‘metrology’ and ‘fractional QHE’ reach a moderate higher constant level, not
present in the past.
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Figure 4 shows the co-authorship network of the papers citing the 1985 Physics Nobel
Prize paper. The nodes are colored by the average publication year. At first glance, the
network breaks down by color into two subnetworks with only a few connections between
them. One subnetwork—with older average publication year—is centered around Klaus
von Klitzing reflecting his direct collaboration network. Each co-author node—directly
linked to Klaus von Klitzing—has also its own small network, which has connections
to networks isolated from Klaus von Klitzing. Here, also the persons that discovered the
fractional quantum Hall effect appear. There is no link found to those (Andre Geim and
Konstantin Novoselov who received the Physics Nobel Prize in 2010) demonstrating for
the first time graphene as quantum Hall material. Actually, they do not appear in the co-
authorship network in Fig. 4 at all because they have cited the 1985 Physics Nobel Prize
paper less than five times. The second large subnetwork has significantly younger average
publication years, which on the one hand might explain that co-authorships are disjoint, on
the other hand that something new might have attracted attention. No clear identification
of authors is possible due to the lack of clearly disambiguated author data. Thus, a further
analysis of such a graph is not suitable.!

Figure 5 shows the co-occurrence network of 51 countries from the author affiliations of
the papers citing the 1985 Physics Nobel Prize paper. The nodes are colored by the aver-
age publication year. The People’s Republic of China is the largest contributor of recent
publications.

The annual number of citing papers for the citing countries that cited the 1985 Physics
Nobel Prize paper most frequently is shown in Fig. 6. The strongest increases in the num-
ber of publications that cited the 1985 Physics Nobel Prize paper per country are observed

! Striking is the node ‘Liu Z’, having several connections to both subnetworks. However, a manual inspec-
tion of the papers co-authored by ‘Liu Z’ in our dataset shows that the node is not a single person but seems
to represent at least five different scientists, leading to a misleading artifact in this network representation.

@ Springer


https://s.gwdg.de/haNfmH

Scientometrics

¢China
(=]
S 4 |- usa(n=1421)
- —e— Germany (n=802)
—e— China (n=750)
Japan (n=509)
. —e— UK (n=369)
g o France (n=344)
Q
©
Q
j=J
o
£ ©
©
5
8 o |
£ <
S
=z
o |
N
o 4

1980 1990 2000 2010 2020
Publication year of citing paper
Fig.6 Annual number of citing papers for the citing countries that cited the 1985 Physics Nobel Prize paper

most frequently. The number of papers n in the legend includes the papers from the incomplete year 2022
although the graph excludes this year

5500

T
3500

Number of cited references (NCR)
—— Deviation from the 5-year-median

80

5000
1

3500 4000 4500
1 1 1
T T T T
1500 2000 2500 3000

3000
9
010
015

2500

Number of cited references
T T
500 1000
Five-year-median deviation

2000
013

k1879
>
<>
<>
>
%1 957
=
1976
#1993
éézm 999
<i
;
0

1500
1

T
-500

1000
1

-1000

500

-1500

° T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Reference publication year

Fig.7 RPYS-CO spectrogram. All references that contribute to this spectrogram are co-cited with the 1985
Physics Nobel Prize paper. An interactive version can be viewed at: https://s.gwdg.de/Fo8L77

for USA and—most recently—for the People’s Republic of China, even dominating in
2021.

Figure 7 shows the RPYS-CO spectrogram for the 1985 Physics Nobel Prize paper as
a marker paper. The graph depicts the number of papers co-cited with the marker paper
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as a function of their publication years. The numbers of co-cited references (NCR) are
shown as gray bars. The five-year-median deviation is shown as a blue line. The co-
cited papers represent the citation environment of the marker paper and are a suitable
publication set for revealing booster papers and papers most important for subsequent
research topics. The RPYS-CO is based on the idea that high peaks in the median devia-
tions are hints to important publications for the analyzed publication set. Peaks in early
reference publication years point to the historical roots of the analyzed research field.
Outlier peaks are indicated by red stars and marked by red labels with their reference
publication year (RPY). Table 1 lists the co-cited references that are mainly responsible
for the peaks. The table also includes the RPY, the NCR values, and the PERC_YR
values.

CR1 is the origin of what nowadays is known as (classical) Hall effect. Between 1925
and 1970, several small peaks appear in the data. For example, the pioneering work CR2
(1957) is identified, deriving the two-terminal resistance of a metallic conductor if local-
ized scatterers are present. With a significantly larger peak, CR3 (1974) is obtained where
the longitudinal and transversal (Hall) conductivity of a disordered two-dimensional elec-
tron system in a strong magnetic field was theoretically treated. The experiments on such a
system led to the discovery by Klaus von Klitzing (CR5, CR6)? in 1980—now denoted as
(integer) quantum Hall effect. With CR7 in 1981, very fundamental arguments were given
why a quantized Hall conductance with high accuracy can indeed be expected in such a
system. With CR12 in 1988, the microscopic picture of the integer quantum Hall effect
based on one-dimensional chiral edge states, connecting the contacts in a multi-terminal
device and enclosing an insulating bulk, was established. The review CR17 summarized
the knowledge in 1999 on the electrically induced breakdown of the integer quantum Hall
effect.

With CR8 in 1982 and CR10 in 1983 the fractional quantum Hall effect was estab-
lished (for which the Physics Nobel Prize was awarded in 1998). As explanation, CR10
presented a variational wavefunction ansatz for an interaction electron system in presence
of a strong magnetic field, which is protected by an energy gap against excitations. In 1989,
CR13 introduced the concept of composite fermions (electrons with attached magnetic flux
quanta) to explain a series of some fractional quantum Hall states by the integer quan-
tum Hall effect of composite fermions. In 1993, CR15 developed in an extensive work the
theoretical description and predicted various properties of an interaction electron system
showing fractional quantum Hall states. In 1999, CR16 reported the unexpected observa-
tion of anisotropic vanishing longitudinal resistance with lowering the temperature in the
magnetic field regime where still several Landau levels are present. Anisotropic electronic
phases seem to evolve under such conditions.

CR4 in 1976 presented the eigenenergy spectrum of electrons in high magnetic fields
where—in addition—a spatial periodic potential is seen by the electrons. In 1982, CR9
showed the respective calculation of the quantized Hall conductance for Bloch electrons
using topological arguments. Based on that work, CR14 linked in 1993 the number of edge
states expected in an integer quantum Hall sample with the so-called Chern number as a
topological invariant of an infinite 2D Bloch electron system with applied magnetic field.

In 1988, CR11 predicted the principle existence of a quantum Hall effect with-
out Landau levels (in the absence of an external magnetic field) by breaking the

2 The marker paper appears as two different variants of the same cited reference because the automatic
clustering did not recognize these two variants.
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time-reversal symmetry in a ‘2D graphite’-like material. In 2005, CR18 studied theo-
retically the spin—orbit interaction in graphene, opening an energy gap in the semimetal,
and claimed due to edge states the existence of a quantum spin Hall effect. CR19 related
in 2005 the existence of the quantum spin Hall effect to specific topological properties
of the band structure, analogous to what was done before with the Chern number for the
integer quantum Hall effect. In 2006, CR20 proposed a narrow HgTe layer (‘quantum
well’) embedded between CdTe to see the quantum spin Hall effect. This was experi-
mentally realized in 2007 by CR21. In 2010, the instructive article CR22 reviewed the
knowledge and prospects on topological insulators, i.e., materials where the bulk is
insulating by an energy gap but—due to spin-orbital coupling—conductive states exist
on their edges or surfaces. Conventional quantum Hall samples require an applied mag-
netic field to get a topological insulator. In 2011, CR23 also reviewed topological insu-
lators and their experimental realizations and verifications, and discussed the general
theory on topological insulators and superconductors. The quantum anomalous Hall
effect—quantum Hall effect without applied magnetic field—was realized in 2013 by
CR24 in a 2D topological insulator with built-in ferromagnetism.

The work CR25 extended in 2013 the concept of topological insulators to photonic
crystals. In 2015, CR26 proposed and treated theoretically a dielectric honeycomb lat-
tice as photonic crystal with a non-trivial topology. CR27 demonstrated in 2015 the
measurement of the Chern number in an ultracold lattice of bosonic atoms. Also in
2015, CR28 proposed an acoustic version of a topological insulator with unidirectional
sound propagation. In extending the concept of topological classification to non-insu-
lating materials, in 2015 the existence of Weyl fermions as quasiparticles in a semi-
metal (TaAs) with specific topological properties has been experimentally shown by
CR29. In CR30 (2015), a two-dimensional arrangement of coupled mechanical oscil-
lators revealed the existence of phononic edge modes, expected for a mechanical topo-
logical insulator.

For analyzing the citation relations outside the set of co-cited papers, we retrieved
the authors’ names and authors’ countries from all papers citing selected cited refer-
ences from the WoS. From Fig. 1, we suppose that the renewed interest in the 1985
Physics Nobel Prize paper was sparked around or after 2000. CR18-CR22 were pub-
lished between 2005 and 2010 and are responsible for at least 20% of the NCR values
in the corresponding years (PERC_YR values are at least 0.2). Thus, we compared the
authors’ names and authors’ countries of all papers that cited CR18-CR22 with the
authors’ names and authors’ countries in the co-authorship map in Fig. 4. The papers
citing CR18 (authors are Kane CL and Mele EJ) have three of the five most frequently
occurring authors’ names in common with authors’ names in the co-authorship map
in Fig. 4, i.e., Zhang SC, Liu F, and Wang J. This indicates that Zhang SC, Liu F, and
Wang J gave substantial credit in their work to the earlier work by Kane CL and Mele
EJ. Especially, Zhang SC and Wang J appear also with a rather old average publication
year in the left subnetwork in Fig. 4. The papers citing CR19 (authors are Kane CL
and Mele EJ) have Zhang SC as the most frequent co-author. This indicates that Zhang
SC also played a pioneering role in the field. The papers citing CR20—-CR22 also each
have one of the five most frequent authors’ names in common with authors’ names
in the co-authorship map in Fig. 4 (it is Zhang SC for CR20/CR21, and it is Wang J
for CR22). The People’s Republic of China is the most frequent authors’ country and
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the USA is the second most frequent one for citing CR18, CR20, and CR22; the Peo-
ple’s Republic of China is the second most frequent authors’ country for CR19 and
CR21. Here, the USA is the most frequent authors’ country. Both, USA and the Peo-
ples Republic of China, appear very prominently in the country co-occurrence map in
Fig. 5. Not surprisingly, this indicates that authors from USA and the People’s Repub-
lic of China played an important role in the field. We conclude from this overlap of
topics, authors’ names, and authors’ countries between the citing papers of thel1985
Physics Nobel Prize paper and citing papers of CR18-CR22 that CR18 and CR19 are
the primary booster papers, and CR20-CR22 are secondary booster papers for the
revival of the 1985 Physics Nobel Prize paper.

Discussion and conclusions

In order to answer the research questions that were stated in the introduction, we analyzed
the annual citation profile of the 1985 Physics Nobel Prize paper, the topics, authors, and
authors’ countries of the citing papers. We also performed a co-citation analysis via RPYS-
CO of the 1985 Physics Nobel Prize paper. The annual citation profile of this paper showed
arenewed interest in its content since 2005, which seems to be related to the keyword topo-
logical insulators.

Comparing topics of rather frequently co-cited papers in the appropriate time period
(in this case around 2005) pointed us towards likely candidates for booster papers. Fur-
ther inspection of the authors’ names and authors’ countries increased the likelihood that
these likely booster papers initiated the renewed interest in the 1985 Physics Nobel Prize
paper. We found two primary booster papers—Kane and Mele (2005a) and Kane and Mele
(2005b)—and three secondary booster papers—Bernevig et al. (2006), Konig et al. (2007),
and Hasan and Kane (2010). All these booster papers deal with topological insulators.
Thus, the renewed interest in the 1985 Physics Nobel Prize paper is (at least partly) due to
the interest in topological insulators. It took a while for this field to boost up: The founding
works were honored by the 2016 Physics Nobel Prize to D.J. Thouless, F.D.M. Haldane,
and J.M. Kosterlitz. Especially, the works CR9 and CR11 from the 1980s highlighted the
quantum Hall effect as a topological effect and were part of the justification for the Nobel
Prize in 2016. This prize was triggered by the strongly rising interest in topological mate-
rials in the years before reflected also in the citation rise of the 1985 Physics Nobel Prize
paper.

It is probable that this combined analyses of topic modeling, co-authorship analysis, and
co-citation analysis is also successful in the case of other papers with a similarly unusual
annual citation profile. Further work should apply the approach outlined here to other cita-
tion classics with similarly unusual annual citation profiles. The methodology proposed
here might also be suitable to explain the renewed interest in publications with delayed
recognition, also referred to as sleeping beauties (van Raan, 2004).

Appendix

See Table 2.
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Table 2 Thesaurus for author
keywords

Label

Replacement

Topological insulators
Chern numbers

Composite fermions

Edge states
Electron—electron interactions
Landau levels

Photonic crystals

Quantum dots

Quantum Hall effects
Semiconductors
2-Dimensional electron gas
2d Electron gas

Two-dimensional electron gas

Two-dimensional electron system

Quantized Hall resistance
Quantum Hall

Dirac equation

Dirac fermions

Surface states
Topological phases
Topological semimetals
Gaas

Electron transport
Electronic structure
Electronic transport
Electrical transport
Hall effect
Longitudinal resistance
Magnetic field
Magnetism
Magnetoresistance
Magnetotransport
Quantum effects
Quantum transport
Shubnikov-de haas effect

Two-dimensional materials

Topological insulator
Chern number
Composite fermion
Edge state
Electron—electron interaction
Landau level
Photonic crystal
Quantum dot
Quantum Hall effect
Semiconductor

2d Electron system
2d Electron system
2d Electron system
2d Electron system
Quantum Hall effect
Quantum Hall effect
Dirac particle

Dirac particle
Surface state
Topological phase
Topological semimetal

Gallium arsenide

T TS S A I I S S

The label X is removed from the dataset before final construction of

the map
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