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Abstract The basic concepts and equations of the progressive nucleation mechanism

(PNM) are presented first for the growth and decay of items. The mechanism is then

applied to describe the cumulative citations L and citations DL per year of the individual

most-cited papers i of four selected Polish professors as a function of citation duration t. It

was found that the PNM satisfactorily describes the time dependence of cumulative cita-

tions L of the papers published by different authors with sufficiently high citations DL, as

represented by the highest yearly citations DLmax during the entire citation period t (normal

citation behavior). The citation period for these papers is less than 15 years and it is even

6–8 years in several cases. However, for papers with citation periods exceeding about

15 years, the growth behavior of citations does not follow the PNM in the entire citation

period (anomalous citation behavior), and there are regions of citations in which the

citation data may be described by the PNM. Normal and anomalous citation behaviors are

attributed, respectively, to the occurrence and nonoccurrence of stationary nucleation of

citations for the papers. The PNM also explains the growth and decay of citations DL per

year of papers exhibiting normal citation behavior.

Keywords Citations � Individual papers � Citation behavior � Decay of citations �
Progressive nucleation mechanism (PNM)

Introduction

It is well known that the cumulative number of various items (for example, articles,

journals and authors) in a database or citations of the publication output of an author

initially increases rapidly with time, followed by a maximum level attained after a certain

time (Avramescu 1979; Gupta 1990; Egghe et al. 1995; Bharathi 2011). In terms of the

absolute number of items per unit time (e.g. citations per year of an author), initially they

K. Sangwal (&)
Department of Applied Physics, Lublin University of Technology,
ul. Nadbystrzycka 38, 20-618 Lublin, Poland
e-mail: k.sangwal@pollub.pl

123

Scientometrics (2012) 92:643–655
DOI 10.1007/s11192-011-0564-x



increase, then, after going through a maximum value, slowly decrease and finally attain

a zero value with increasing time. This phenomenon is usually called obsolescence

(Avramescu 1979; Gupta 1990; Egghe 1993; Egghe et al. 1995), aging (Egghe et al. 1995)

or decay.

The decay process of items is usually explained (Avramescu 1979; Gupta 1990; Egghe

et al. 1995) by using decreasing exponential functions. For the dependence of citations L of

individual articles on time t, Avramescu (1979) proposed the empirical function

LðtÞ ¼ C0½exp ð�ktÞ � expð�mktÞ�; ð1Þ

where C0 is the citation amplitude, k is the age decrement time constant, and m [ 1 is the

initial increment. However, different exponential functions used for the growth of items as

well as the exponential functions employed to describe their decaying behavior contain

empirical constants to which it is difficult to assign any physical significance. For example,

in Eq. 1 it remains unclear why C0 of individual articles is attained and what factors

determine the values of parameters k and m for individual articles.

Sangwal (2011a) suggested that the combined growth and decay L(t) curve of citations

can be described as the product of fractions a1 and a2 of citations corresponding to growth

and decay processes in the form of the empirical relation

aðtÞ ¼ a1a2 ¼
L1ðtÞ
C1

� L2ðtÞ
C2

¼ LðtÞ
C

¼ 1� exp � t

H1

� �q1
� �� �

� 1� exp � t

H2

� ��q2
� �� �

; ð2Þ

where L(t) is the number of citations at time t, C is the maximum number of possible

citations, H is the time constant, the constant q [ 1, and the lower indexes 1 and 2 denote

growth and decay processes, respectively. The time constants H1 and H2 are given by

Eq. 4 whereas the exponents q1 and q2 are given by Eq. 5. In Eq. 2 the first and the second

terms in the square brackets denote the growth and decay processes, respectively. The first

term follows from the progressive nucleation mechanism (PNM) advanced originally to

describe overall crystallization kinetics. Equation 2 predicts a maximum value of a(t) at a

particular value of t/H, but the values of a* and (t/H)* corresponding to the maximum in

the a(t) plot are determined by the relative values of q1 and q2.

The PNM has been described previously by the present author (Sangwal 2011a, b) and

applied to analyze the growth of citations of individual authors (Sangwal 2011b), the growth

of articles in three randomly selected databases in humanities, social sciences and science and

technology (Sangwal 2011a) and the growth of journals, articles and authors in malaria

research (Sangwal 2011a). The basic concepts of the mechanism have been described in detail

in a more recent paper (Sangwal 2012). The aim of the present study is to apply the PNM to

describe the growth behavior of cumulative L(t) citations and DL(t) citations per year of

individual papers of four selected Polish professors. The choice of citations of individual

papers of selected authors for the analysis is associated with the fact that citations of a paper

are prototypes of items generated in an individual systems as considered by the PNM.

Basic concepts and equation of PNM for growth behavior of items

In the case of growth of items (such as articles of an author, citations of individual paper of

an author or authors working in a research field) with time t in an individual system since
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the year Y0, the fraction a(t) number of items L(t) at time t for the system producing the

items may be given by (Sangwal 2012)

aðtÞ ¼ LðtÞ
C
¼ 1� exp � t

H

� 	qn oh i
; ð3Þ

where C is the maximum number of items that can be produced in the system, the time

constant

H ¼ q1=q

jJs

; ð4Þ

the exponent

q ¼ 1þ md: ð5Þ

In the above equations, Js is the rate of stationary nucleation and j is the shape factor (e.g.

j = 4p/3 for a sphere), d is the dimensionality of the growing nuclei, and the time

t ¼ Y � Y0; ð6Þ

where Y is the year of the item L(t) and Y0 is the actual publication or extrapolated year

when a(t) = 0. In the case of growth of nuclei by diffusion and mass transfer processes,

m = 1/2 and 1, respectively. Therefore, for 0 \ d \ 3, q lies between 1 and 2.5 and 1 and 4

for the above processes, respectively.

Equation 3 provides a static picture of the fraction a occurring at time t in the system.

One can obtain a dynamic picture of the process at different t by differentiating Eq. 3 with

respect to t, in the form of the velocity v of generation of items:

vðtÞ ¼ daðtÞ
dt
¼ 1

C

dLðtÞ
dt
¼ q

Hq tq�1 exp � t

H

� 	qn o
¼ q

Hq tq�1 1� aðtÞ½ �: ð7Þ

Equation 7 describes the change of generation of items L(t) with time t. This equation

predicts an initial increase followed by a decrease in the velocity v with an increase in time

t. By differentiating Eq. 7 one obtains the change in the velocity v(t) of generation of items

(i.e. acceleration a(t) in the process) in the form

aðtÞ ¼ dvðtÞ
dt
¼ 1

C

d2LðtÞ
dt2

¼ q

Hq tq�1 exp � t

H

� 	qn o q� 1

t
� q

Hq

� �
¼ vðtÞ q� 1

t
� q

Hq

� �
:

ð8Þ

The plots of a(t), v(t) and a(t) as functions of generation time t of items according to

Eqs. 3, 7 and 8, respectively, are shown in Fig. 1.

It may be seen from Fig. 1 that a(t) increases with an increase in t for q C 1 and

approaches a saturation value, which is attained at a lower t with an increase in q (curves 1

and 10). However, the behavior of v(t) depends on the value of q. For q = 1 the value of

citation velocity v steadily decreases with an increase in t, but for q [ 1 the value

of v increases first and then decreases with increasing t, exhibiting a maximum value of

citation velocity v at a particular time t, denoted hereafter by v* and t*, respectively. In

contrast to the dependences of a(t) and v(t) on t, the citation acceleration a is negative for

q = 1 but it is positive for q [ 1 in the entire range of t. In both cases however,

a approaches zero at sufficiently long citation durations t. Moreover, in the case of q [ 1,

the values of t when v and a approach zero decrease with increasing values of q.

Application of progressive nucleation mechanism 645

123



The value of t when v attains the maximum value v* may be obtained by maximizing

Eq. 7 i.e. when a(t) = dv(t)/dt = 0:

t� ¼ ðq� 1Þ
q

Hq: ð9Þ

Substitution of t* from Eq. 9 in Eq. 7 gives the maximum value of v in the form

v� ¼ aðtÞ
dt

� ��
¼ ðq� 1Þq�1

qq
Hqðq�2Þ exp

q� 1

q

� �q

Hqðq�1Þ
� �

: ð10Þ

For sufficiently high values of q they may be expressed as

t� ¼ Hq; ð11Þ

v� ¼ Hq2

expðHq2Þ: ð12Þ

According to the above equations t* and v* depend on parameters q and H, but Eqs. 11 and

12 are too crude to calculate t* and v* because usually q \ 4.

It should be noted that a maximum value in the velocity v of generation of items

according to Eq. 3 is obtained when the term (t/H)q � 1. However, when (t/H)q � 1,

Eq. 3 reduces to the traditional power law:

aðtÞ ¼ LðtÞ
C
¼ 1

Hq tq; ð13Þ

and the velocity

v ¼ daðtÞ
dt
¼ 1

C

dLðtÞ
dt
¼ q

Hq tq�1: ð14Þ

In this case, for all values of q [ 1, both a(t) and v(t) increase with the generation time t of

items without attaining a limiting value.

Using the relationship between the fraction a(t) of items and their maximum value C i.e.

L(t) = Ca(t) and DL(t) = CDa(t), Eqs. 3 and 7 may be written in the form:

LðtÞ ¼ C 1� exp � t

H

� 	qn oh i
; ð15Þ

DLðtÞ ¼ dLðtÞ
dt
¼ Cq

Hq tq�1 exp � t

H

� 	qn o
: ð16Þ

For the analysis of real data on the dependence of cumulative citations L(t) and citation

DL(t) per year on time t, Eqs. 15 and 16 can be used.
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Fig. 1 Plots of a(t), v(t) and
a(t) as functions of generation
time t of items, according to
Eqs. 3, 7 and 8, respectively,
for two different values of
exponent q
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Citation data of selected authors

We used Thomson Reuters’ ISI Web of Knowledge (Web of Science) to collect and

analyze the citations DLi(t) of individual most cited i papers of four selected Polish

professors: T. Dietl (Institute of Physics, Polish Academy of Sciences, Warsaw, and

University of Warsaw), J. Barnaś (Adam Miśkiewicz University, Poznań, and Institute

of Molecular Physics, Polish Academy of Sciences, Poznań), M. Kosmulski (Lublin

University of Technology), and K. Sangwal (Lublin University of Technology). For the

analysis 10, 7, 4 and 6 papers of these authors were chosen. The data on the number

DLi(t) of citations of papers i of these authors are given in Tables 1, 2, 3, 4. The data were

collected on 19–20 December 2010. From the data of Tables 1, 2, 3, 4 the cumulative

Li(t) citations at time t were calculated. The research fields, the total number N of papers,

the cumulative citations L of N papers, the Hirsch index h, and the year Y0 of the first

publication of the above authors are given in Table 5. The publications of these professors

have spanned over a period t varying from 28 to 40 years.

The data were analyzed according to Eqs. 15 and 16 using the standard Origin program.

The best-fit values of different constants of these equations for the data were obtained by

taking the publication year as the value of Y0. When the best fit was not achieved with a

fixed value of Y0, two values are given in Table 6. However, it was observed that the

selection of the values of Y0 was very critical for the citation data of papers endowed with

low values of time constant H. A typical example of this type is paper 4 of Dietl (see

Table 6; Fig. 5b).

Results and discussion

Time dependence of cumulative number Li(t) of citations

Figure 2 shows typical examples of the dependence of cumulative number Li(t) of citations

of 6 papers published by Dietl as a function of publication year Y. Figure 2a presents the

data for the first four highly cited papers. In this figure, the highest number DLi(t) of

citations per year is 493 for Paper 1 whereas this number is lower by a factor of 4–6 for the

remaining three papers and lies between 76 and 137. These most cited papers were pub-

lished relatively recently between 2000 and 2004. Figure 2b shows the data for papers 5

and 6. Here the highest number of yearly citations is practically one half of that of paper 4

and lies between 33 and 40. These data can be represented reasonably well by Eq. 15 with

the best-fit values of the parameters given in Table 6.

Figure 3 shows the growth behavior of cumulative number Li(t) of citations of most

cited papers i published by Barnaś, Kosmulski and Sangwal. The highest number DL of

yearly citations in these papers lies between 10 and 27. The data of Fig. 3 can equally be

described by Eq. 15. The best-fit values of the constants of Eq. 15 for these data are listed

in Table 6.

In the above papers where the growth behavior of the citations is satisfactorily repre-

sented by Eq. 15 in the entire citation period (Y - Y0), their citation period is less than

15 years and it is even 6–8 years in several cases. In contrast to the above papers with

‘‘normal citation’’ behavior, there are papers where their citations cannot be described by

Eq. 15 in the entire citation durations. Papers 7–9 of Dietl and papers 3 and 4 of Sangwal

are typical examples of this type of ‘‘anomalous’’ growth behavior of cumulative number
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Li(t) of citations, as shown in Fig. 4. The citation periods of these papers lie between 24

and 28 years for Dietl and between 20 and 33 years for Sangwal.

It may be noted that the citations of paper 7 of Dietl (Fig. 4a) follow practically two

linear dependences below and above 1987, whereas paper 8 shows at least linear citation

regions separated at 1988 and 1997. Similarly, paper 10 shows three distinct citation

durations between: (1) 1983 and 1992, (2) 1992 and 1998, and (3) 1998 and 2010. Well-

defined citation regions can also be discerned for paper 9, but these citation data may be

presented by Eq. 15. In the case of paper 3 of Sangwal (see Fig. 4b), there are two citation

regions covering the period before and after 1997, where both of them may be described by

Eq. 15. However, after its publication in 1978, the citations of paper 4 of Sangwal has an

initial period of sudden growth up to 1980, followed by a relatively stagnant period up to

1993, then a slow growth up to 1999 and finally a steady, relatively fast growth.

Table 1 Citations Li of ten most cited papers of Dietl

Year Paper i

1 2 3 4 5 6 7 8 9 10

2010 457 90 32 28 13 11 5 5 5 1

2009 468 83 32 29 12 12 5 6 9 1

2008 493 119 43 38 28 12 6 8 13 1

2007 467 137 62 43 25 14 5 4 9 3

2006 477 120 55 53 21 18 5 3 7 2

2005 394 111 76 84 34 24 6 3 7 5

2004 299 91 48 19 27 25 1 2 4 5

2003 232 72 40 – 19 24 5 4 5 2

2002 177 56 4 – 40 29 6 5 5 3

2001 87 6 – – 31 33 8 5 7 4

2000 13 – – – 20 23 5 4 6 1

1999 – – – – 15 18 5 5 5 0

1998 – – – – 6 13 5 6 10 6

1997 – – – – 1 0 7 11 4 6

1996 – – – – – – 5 8 8 8

1995 – – – – – – 3 4 5 6

1994 – – – – – – 6 4 4 11

1993 – – – – – – 3 3 4 3

1992 – – – – – – 5 3 1 5

1991 – – – – – – 4 4 4 1

1990 – – – – – – 5 2 4 4

1989 – – – – – – 8 8 3 5

1988 – – – – – – 19 22 4 10

1987 – – – – – – 5 8 4 3

1986 – – – – – – 13 14 3 8

1985 – – – – – – 19 12 – 5

1984 – – – – – – 13 8 – 3

1983 – – – – – – 24 1 – –

1982 – – – – – – 4 – – –
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It should be mentioned that, except for papers 5 and 6 of Sangwal, the fit of the data for

papers 7–10 of Dietl and papers 3 and 4 of Sangwal according to Eq. 15 is not only

extremely poor but is unreliable due to different citation regions and small increase in the

values of DLi citations per year. For the citations of these papers, data fitting gives even

unrealistic values of q less than 1 (see Table 6). Therefore, the data are represented by

curves drawn with the calculated values of parameters C and H, keeping q = 1. The curves

for the citation data of paper 9 of Dietl and paper 3 of Sangwal are drawn with the

constants for the entire citation period.

From Figs. 2 and 3 it may be seen that the PNM satisfactorily describes the time

dependence of cumulative citations L in the case of papers with sufficiently high citations

DL, as represented by the highest yearly citations DLmax during the citation period

t. However, as seen from Fig. 4, there are distinct citation periods in the plots of cumu-

lative citations L as a function of citation time t for papers corresponding to relatively low

Table 2 Citations of seven most cited papers i of Barnaś

Year Paper i

1 2 3 4 5 6 7

2010 8 25 14 16 12 2 5

2009 8 18 11 16 12 1 14

2008 19 27 15 14 20 8 23

2007 21 26 15 15 15 6 12

2006 12 17 10 8 14 4 5

2005 27 26 14 17 – 7 1

2004 13 5 8 4 – 5 –

2003 22 2 5 – – 9 –

2002 23 – 2 – – 10 –

2001 16 – – – – 6 –

2000 10 – – – – 6 –

1999 14 – – – – 4 –

1998 4 – – – – – –

Table 3 Citations of four most
cited papers i of Kosmulski

Year Paper i

1 2 3 4

2010 17 27 15 20

2009 10 15 10 14

2008 17 17 16 18

2007 13 15 16 14

2006 13 5 9 10

2005 16 15 11 10

2004 10 2 5 0

2003 8 – 3 –

2002 – – 0 –
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DLmax and relatively long citation durations t. From these observations it may be concluded

that cumulative L(t) of citations of an individual paper i of an author is followed in the case

of short citation durations less than about 15 years where the condition of stationary

nucleation is more or less satisfied. The causes of deviations in stationary nucleation in the

citations of a paper may be internal as well as external factors. The internal factors are

associated with the author of the paper whereas the external factors are related to the paper

itself. According to the PNM, these internal and external factors are related to the generator

of items and their quality, respectively. For example, self-citations of a paper by its author

in his subsequent papers published during a short period and citations in new collaborative

Table 4 Citations of six most
cited papers i of Sangwal

Year Paper i

1 2 3 4 5 6

2010 12 8 4 0 5 6

2009 12 3 7 2 0 7

2008 10 5 6 0 2 2

2007 5 5 4 1 3 5

2006 8 6 4 1 4 4

2005 7 5 0 1 3 3

2004 8 10 3 1 6 3

2003 9 4 3 1 2 1

2002 6 8 2 2 4 2

2001 7 5 0 0 6 1

2000 4 5 1 0 1 1

1999 2 2 3 4 – –

1998 5 1 0 2 – –

1997 1 – 8 0 – –

1996 0 – 3 1 – –

1995 – – 3 0 – –

1994 – – 2 1 – –

1993 – – 2 2 – –

1992 – – 2 0 – –

1991 – – 2 1 – –

1990 – – 1 0 – –

1989 – – 0 0 – –

1988 – – – 0 – –

1987 – – – 1 – –

1986 – – – 2 – –

1985 – – – 1 – –

1984 – – – 3 – –

1983 – – – 4 – –

1982 – – – 1 – –

1981 – – – 2 – –

1980 – – – 7 – –

1979 – – – 5 – –

1978 – – – 0 – –
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papers are two of the main internal factors, whereas recognition of the importance of the

results of a paper at a later date after its publication is one of the key external factors.

From Table 6 one observes that, for the authors considered in this study, the value of

the exponent q for different papers showing normal growth behavior lies between 1.07 and

2.69. This is in good agreement with 1 \ q \ 2.5 predicted by PNM when the growth

of items in an individual system occurs by diffusion (Sangwal 2012). The value of time

constant H lies between 3 and 44 years. Using Eq. 4 one finds that Js lies between

2.4 9 10-10 and 3.6 9 10-9 s-1 (assuming that the citation nuclei are spherical i.e. the

shape factor j = 4p/3, and the term q1/q = 1.42; cf. Sangwal 2012). The values of H and

Js are similar to those observed in the case of growth behavior of cumulative N(t) papers

published by the above authors (Sangwal 2012).

Time dependence of number DLi of citations per year

Figure 5 shows the dependence of the number DLi(t) of citations per year as a function of

citation duration for different papers i of Dietl, while the curves are drawn according to

Eq. 16 with the best-fit values of the constants given in Table 6. It may be noted that

Eq. 16 represents the data of Fig. 5 reasonably well.

The main conclusion of the curves of Fig. 5 is that citations of an article have an initial

growth period followed by a relatively long decay period. This means that the PNM also

explains the growth and decay of citations DL of papers corresponding to DLmax above

about 10 citations approaching in about 5 years.

Summary and conclusions

Based on the PNM of items described previously (Sangwal 2012), Eq. 15 is proposed to

analyze the dependence of cumulative citations L(t) of individual papers of an author on

time t. Differentiation of Eq. 15 with respect to t yields Eq. 16 to describe the dependence

of citation DL(t) per year (i.e. citation velocity v) of an individual paper on time t. It is

shown that Eq. 16 predicts an initial increase followed by a decrease in the plots of

velocity v : DL(t) against citation time t. These equations of the PNM are applied to

analyze the time dependence of cumulative citations L of individual papers of four selected

Polish professors.

The PNM satisfactorily describes the time dependence of cumulative citations L of the

papers published by different authors with sufficiently high citations DL, as represented by

the highest yearly citations DLmax during the entire citation period t (normal citation

behavior). The citation period for these papers is less than 15 years and it is even 6–8 years

in several cases. However, for papers with citation periods exceeding above about 15 years,

Table 5 Some other relevant data for different authors

Author Field Y0 (years) N (papers) L (citations) h index

Dietl Physics 1975 (36) 292 10,405 41

Barnaś Physics 1983 (28) 290 3,017 30

Kosmulski Chemistry 1978 (33) 139 1,789 23

Sangwal Physics 1971 (40) 149 1,505 20
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the growth behavior of citations does not follow the PNM in the entire citation period

(anomalous citation behavior), and there are regions of citations in which the citation data

may be described by the PNM. The anomalous citation behavior is associated with the lack

of stationary nucleation of citations for citation durations longer than about 15 years.

The PNM explains the growth and decay of yearly citations DL of papers corresponding

to DLmax above about 10 citations approaching in about 5 years. However, in the case of

relatively low DLmax and relatively long citation durations t, there are distinct citation

periods in the plots of cumulative citations L as a function of citation time t.

Table 6 Constants of Eq. 3 for the citation data of individual papers

Author Figures Paper Constants

C (citations) Y0 (year) H (year) q (–)

Dietl 2a 1 7,252 ± 923 2000 12.3 ± 1.3 1.86 ± 0.06

2 1,090 ± 43 2000 7.9 ± 0.3 2.15 ± 0.06

1,321 ± 168 2001 8.4 ± 1.1 1.61 ± 0.09

3 458 ± 22 2002 5.2 ± 0.3 1.49 ± 0.07

4 379 ± 39 2003.5 4.2 ± 0.8 1.07 ± 0.09

334 ± 31 2003 4.0 ± 0.5 1.45 ± 0.17

2b 5 331 ± 16 1996 9.7 ± 0.5 2.08 ± 0.11

6 277 ± 5 1997 7.4 ± 0.2 1.62 ± 0.04

4a 7a 465 ± 58 1981 64.6 ± 9.9 1.0

2.47 9 105 1981 2.0 9 105 0.83 ± 0.54

8a 239 ± 17 1983 22.7 ± 2.7 1.0

9a 1.33 9 107 1985 1.4 9 104 1.46 ± 0.69

5.10 9 105 1985 1437 1.46 ± 0.68

10a 170 ± 11 1983 24.1 ± 2.6 1.0

Barnas 3a 1 237 ± 13 1997 9.3 ± 0.6 1.81 ± 0.09

2 250 ± 78 2003 7.7 ± 2.4 1.55 ± 0.16

3 141 ± 16 2001 8.6 ± 0.8 2.01 ± 0.10

4 765 ± 2,988 2003 33.0 ± 111 1.34 ± 0.21

5 100 ± 18 2005 4.2 ± 1.0 1.38 ± 0.15

6 79 ± 5 1998 7.5 ± 0.6 1.51 ± 0.09

7 61 ± 2 2005 2.9 ± 0.1 2.57 ± 0.03

Kosmulski 3b 1 268 ± 129 2002 13.7 ± 6.8 1.34 ± 0.11

2 1,455 ± 16,162 2003 32.1 ± 216 1.80 ± 0.39

3 131 ± 25 2002 7.9 ± 1.3 1.99 ± 0.16

4 257 ± 213 2004 12.2 ± 9.9 1.36 ± 0.15

Sangwal 3c 1 627 ± 1,145 1996 43.7 ± 58.4 1.60 ± 0.14

2 75 ± 5 1997 9.3 ± 0.7 1.89 ± 0.12

4b 3a 135 ± 157 1989 34.3 ± 40.9 1.36 ± 0.27

4a 52 ± 11 1997 32.5 ± 9.6 1.0

923 1977 4282 0.68 ± 0.23

5 28.6 ± 1.7 1998 7.9 ± 0.4 2.69 ± 0.26

6 277 ± 898 1999 31.7 ± 61.5 1.92 ± 0.25

a Parameters used to draw plots in the figures
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a Barnaś, b Kosmulski and c Sangwal

0

50

100

150

200

250(a)
   7
   8
   9
 10

L i(t
) 

(c
ita

tio
ns

)

Y (year)
1980 1986 1992 1998 2004 2010 2016 1976 1984 1992 2000 2008 2016

0

10

20

30

40

50

60

70(b)
 3
 4
 5
 6

L i(t
) 

(c
ita

tio
ns

)

Y (year)

Fig. 4 Examples of anomalous growth behavior of cumulative number Li(t) of citations of papers i published
by: a Dietl and b Sangwal. See text for details

Application of progressive nucleation mechanism 653

123



The most important feature of the PNM applied in this paper is that the citation behavior

of various individual papers of different authors can be characterized in terms of the

maximum number C of citations, the time constant H and the exponent q of Eqs. 15 and 16

of the mechanism, and all of these parameters have well-defined physical significance. The

value of q between 1.07 and 2.69 for the citations of different papers (see Table 6)

indicates that the growth of citations of an individual paper occurs by volume diffusion

because q lies between 1 and 2.5 for the growth of crystallites by diffusion.

According to the original PNM for overall crystallization, the crystallites developed

during the growth have discrete values of d = 1, 2 and 3. Consequently, the values of q are

also expected to be quantized as 1, 1.5, 2 and 2.5. In the case of citation behavior of

individual paper where the values of q [ 1 are not quantized, the condition of dimen-

sionality of citations should be relaxed.

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncom-
mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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