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This study of the 100physical-sciencespaperspublishedin 1987and most cited in 1987and 1988
revealsa near totrdpreoccupationwith the revolutionaryadvancesin superconductorsand supercon-
ductivityreportedthat year. The levelof activityin this fieldwas so high that it virtnrdlyexcluded
otherfieldsof studyfromour Bibliography.Thesubjectsthatordinarilyappearin ourphysical-sciences
studies—suchas superstringtheory, high-energyphysics, and planetary sciences—arenot present
ingreat numbers.In sometields, suchas studiesof theozonelayer,papersin thisyear’sBibliography
are wholly absent.

Superconductivity Takes Charge

As regular readers of Current Contents@
know, ISI” annually identifies papers in
chemistry, the physical sciences, and the life
sciences that become highly cited within one
to two years after publication. The 1987
life-sciences articles most cited in 1987 and
1988 was the latest essay in this series. 1
Many of these papers are also reviewed in-
dividually in The Scientist”’s “Hot Arti-
cles” feature, which tracks publications that
are highly cited in their first year. All such
“instant” Citation G’ussicsa are usually in-
dicators for new, rapid-growth fields.

Since the series began about 19 years
ago,z we’ve found that the top 50-100
papers with immediate high impact in a
given field have pointed to a number of ma-
jor developments during the year examined.
Areas new to these lists emerged gradtral-
ly, and familiar areas were slow to be dis-
placed. But this comfortable and predictable
pattern has been dramatically overturned by
the top 1987 physical-sciences papers. They
show art explosion of activity and interest
in a single area-superconductivity-that is
unmatched in previous studies, Like the new
materials with remarkable electrical proper-
ties they describe, these papsrs seem to have
lost all resistance to citation!

Of the 100 listed in the Bibliography, 87
were on superconductors and superconduc-

tivity. Even when we examine the next 50
most-cited papers, superconductivity still
dominates with another 38 papers. The
nonsuperconductivity papers in this study
deal with a variety of subjects that have been
identified in previous essays, including
string theory, high-energy physics, and
srrpemovas, which are discussed below.

In our study of the 1986 physical-sciences
papers most cited in 1986 and 1987,3 only
one paper on superconductivity appeared.
Incidentally, it was the one describing the
Nobel Prize winning breakthrough by
Joharmes G. Bednorz and Karl A. Miiller,
IBM Zurich Research Laboratory, Riisch-
Iikon, Switzerland.4 At the time, its two-
year citation count of 664 was the highest
ever recorded for a paper included in our
anntrrdphysical-sciences survey. That record
was surpassed by the top three papers in this
year’s study!

Higher Citation Levels for
Superconductivity Research

Another interesting difference between
this year and last year’s study of 1986papem
is the average number of citations the articles
in the study received. In this year’s list, they
were cited abast 165 times each-62 times
in 1987 and 103 times in 1988. Additional-
ly, the papers received an average of 79 ci-
tations in 1989.

149



In comparison, the average citations per
paper in last year’s survey was 66 (14 cita-
tions in 1986 and 52 in 1987). Figure 1
shows a graph comparing the average in this
year’s study to previous years. The median
in this study is 121 citations, compared with
51 last year.

Thus, it is necessary to remind readers
that the top papers ranked solely by total ci-
tations are obviously not the only ones of
significance produced within this time
frame. For example, in the list of hot 1986
paprs, J superstring theory was the domi-
nant subject, although it accounted for onfy
38 of 106 papers (about 35 percent). The
“String Quartet” of Joseph Henry Labora-
tories, Princeton University, New Jersey—
David J. Gross, Jeffrey A. Harvey, Emil
Martinet, and Ryan Rohrn-contributed
four of these papers, which received over
490 citations. This year, onfy five articles
on superstrings appear, two of which are by
Martinet.

The markedly high citation thresholds
achieved by supercited superconductivity re-
search has excluded string theory and other
important subjects in the physicaf sciences
that typically appear in our studies, Of
course, these research areas still produce
high impact work, and these would be rep-
resented on a longer list of the top 250-500
most-cited physical-sciences articles of
1987.

Superconductivity Heats Up

Superconductivity is a phenomenon in
which materials lose their resistance to the
conduction of electricity. Known since the
early years of this century, the features that
characterize this phenomenon have always
been thought to exist only at exceedingly low
temperatures-just a few degrees above ab-
solute zero (–273. 15 degrees Celsius).

In fact, prior to the work of Bednorz and
Muller, the “high-temperature record” for
superconducting was 19.3 kelvin (K),
achieved in 1973 by J. R. Gavaler, Westing-
house Research Laboratories, Phtsburgh,
Pemsylvania.5 Bednorz and Miiller’s work
led to materials that become superconduc-
tors at 30 K,b while more recent work has
described temporary superconducting phe-
nomena at temperatures as high as between

FW 1:Avera&mmber of two-year citationstothe
most-citedphysicat-sciencespapers,1983-1987.
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MM7~d 500 K.s A more indepth discus-
sionof the development of superconductiv-
ityresearch may be found in our discussion
]f the 1987 Nobel Prize in physics. q

Both Bednorz (with three papers) and
Willer (with four) are represented several
irnes in this year’s Bibliography. Another
qobelist whose work appears this year is
%ilip W. Anderson, Department of Phys-
CS,Princeton University, who was awarded
he physics prize in 1977. Of Anderson’s
hree papers, “The resonating valence bond
~tatein IA2CU04 and superconductivity” is
he fourth most-cited paper in the Bibliog-
raphy, with 653 citations (211 in 1987 and
k-12in 1988).

@kst hn~d papers and
l’fOSt fiOhfk Authors

The most-cited paper is by M.K. Wu and
:olleagues, Department of Physics, Univer-
ity of Alabama, Huntsville, and by P.H.
Ior and cofleagoes at the Department of
‘hysics and Space Vacuum Epitaxy Center,
Universityof Houston, Texas. Their paper
eceived 758 citations in 1987 and 1,096
morein 1988 for a two-year totaf of 1,854.
n 1989, it received 711 citations. The au-
hors report the observation of superconduc-
wity in a new yttriurmbarium-copper-oxy-
,en compound at 93 K at ambient pressure
Dwhat they refer to as “a simple liquid-
,itrogen Dewar” jar.

C.W. Chu, Her’s coauthor and colleague
t the University of Houston, was also the
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ptiary aUthOr on the third most-cited
paper, which reported’ ‘Evidence for super-
conductivity above 40 K in the La-Ba-Cu-
0 compound system. ” It was cited 684
times (400 in 1987 and 284 in 1988). And,
with six papers in the Bibliography, Hor and
another University of Houston coauthor,
R. L. Meng, were among the most prolific
authors in this year’s study.

One of the’ ‘superstars” of previous phys-
ical-sciences studies-at least in terms of
number of papers-is virtually absent from
this year’s Bibliography: Edward Witten,
Joseph Henry Laboratories, Princeton
University. A 1982 MacArthur fellow,
Witten has written extensively on super-
string theory and has consistently been
among the most prolific authors in our phys-
ical-sciences studies over the last few years.
Last year’s study,3 which included eight of
his papers, was no exception. But this year’s
Bibliography includes just one paper by
Witten-on toroidal compactification of
heterotic string theory-coauthored with
K.S. Narain and M.H. Sarmadi, Rutherford
Appleton Laboratory, Chihon, UK.

It was R.J. Cava and colleagues, AT&T
Bell Laboratories, Murray Hill, New Jersey,
who published the most papers this year
(10). The paper by Cava and colleagues on
“Bulk superconductivity at 91 K in sin-
gle-phase oxygen-deficient perovskite
BazY@Og.d ,‘‘ was the second most cited,
with 835 citations (391 in 1987 and 444 in
1988). Their paWr on’ ‘Bulk superconduc-
tivity at 36 K in hl,$ro,zcuod” was the
fifth most-cited paper, with 403 citations in
1987 and 166 in 1988.

Astronomy am.i High-Emxgy Physics

Other papers of interest in this year’s
study involve theoretical and experimental
high-energy physics and some astronomical
observations concerning the nearby super-
nova that took place in 1987.

The paper reporting “Observations of
Bo-BOmixing, ” by H. Albrecht, German
Electron-Synchrotron (DESY), Hamburg,
Federal Republic of Germany, and col-
leagues, received 91 citations (15 in 1987,
76 in 1988). The decay of B mesons were

produced using the ARGUS detector at the
DORIS 11 storage ring at DESY. The
group’s observations support the conclusion
that the mixing of B mesons is ‘‘substan-
tial, ” a result that has been labeled’ ‘one of
the most surprising experimental particle-
physics results in the last few years” by
Paula J. Frarszini, European Organization
for Nuclear Research (CERN), Geneva,
Switzerland. 10Franzini speculates that the
results could imply the existence of a whole
new family of subatomic particles.

A paper by R. Machleidt, Los Alamos
National Laboratory, New Mexico, and the
University of California, Los Angeles, and
colleagues concerned “The Bum meson-ex-
change model for the nucleon-nucleon in-
teraction. ” Citrxl 101 times (23 in 1987 and
78 in 1988), the model yields definite pre-
dictions concerning meson-nucleon interac-
tion and is of great value in quantum
chromodynamics and the behavior of
various particles.

Moving from subatomic particles to ex-
lloding stars, some of the papers in this
iear’s Bibliography dealt with the supernova
]bserved on February 24, 1987, in the Large
blagellanic Cloud, a companion galaxy to
]ur own Milky Way. In a paper that was
:ited 157 times (59 times in 1987 and 98
imes in 1988), R. M. Bionta, Lawrence
Livermore National Laboratory, Livermore,
2alifornia, and colleagues described their
‘Observation of a neutrino burst in coinci-
dence with supernova 1987A in the Large
klagelhmic Cloud. ” The authors report that
he Irvine-Michigan-Brookhaven water
~hererskovdetector, located deep within the
Worton-Thiokolsalt mine in Fairport, Ohio,
;ignaled the release of a burst of neutrino
‘adiation coinciding with the explosion of
he star Sk-69 202 (later dubbed SN 1987A,
br “the first supernova of 1987’‘).

The same neutrino burst was also re-
xxded by the Kamiokande-11water Cheren-
COVdetector in Tokyo, Japan. K. Hirata,
University of Tokyo, and colleagues re-
xn-ted their findings in a paper entitled
‘Observation of a neutrino burst from the
;upemova SN1987A,” which was cited 183
imes (71 in 1987 and 112 in 1988). Both
;roups detected the neutrino burst on
‘ebruary 23—before the supernova was
;ighted optically.
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Institutions and Journals of the
Supercited Papers

Owing in part to the prolific output of
Cava and colleagues, AT&T’s Bell Labo-
ratories was the institution with the most
papers listed (20). IBM’s various laborato-
ries and research centers are represented by
13 papers, while the Argonne National Lab-
oratory, Illinois, was third with 7. As one
might expect, given the virtual absence of
string research from this year’s list, the in-
stitution that topped last year’s chart of 1986
papers on the strength of its superstring
research, Princeton University, had “just”
six papers a year later.

In fact, the displacement of superstrings
by superconductivity had a number of ef-
fects on this year’s statistics. Last year, for
the first time ever, Physical Review L.effers
appeared in second place in our journal
rankings. It was replaced in first place by
Nuclear Physics B, which published most
of the work on superstnngs that so domi-
nated last year’s study. This year, however,
Physical Review Letters has regained its
customary first-place position, having pub-
lished 34 of the papers listed. Nuclear Phys-
ics B, which had 26 papers last year, has
just 6 this year. Table 1 lists all 18journals
that published the papers in this year’s
Bibliography.

Interestingly, the Japanese Journal of Ap-
plied Physics Part 2 was third in this year’s
list with eight papers, all on superconduc-
tivity. This English-language journal has ap
peared only once before, in our study of the
most-cited 1980 physical-sciences papers.
Thus, its appearance in this study perhaps
indicates Japan’s strengths in superconduc-
tivity research. This can also be seen in
Table 2, which lists the nationahties of the
100 papers in the Bibliography, defined by
the institutional addresses of the authors.
Although the US occupies its customary
place at the top of the rankings with 79
papers, Japan is second with 12; last year,
Japan had 4 papers on the list.

The USSR is represmted by one paper on
B meson mixing. Last year, it was repre-
sented by nine papers, most of which were
on Halley’s comet and string theory. As
we‘ve stated, these and other physi-
cal-sciences subjects have been over-

TabJek Tbe 18 jrmrnrsk that jrWt!kd tbe papem
fisted in the Bibliography. The numbers in
parentheses are the 1987 impact factora for the
journak. (The 1987 impact factorequalsthenondxsr
of 1987citations to a journal’s 1985-1986 articles
divided by the tetal number of anicles published by
the journal during that same pericai ) Data were taken
from the 1987 JCF. The Jigurcs at the right indicate
how many papers from each jourmd appear in k
Bibliography.

Journaf Number of PafKTS

Phys. Rev. Lat. (6.5) 34
Phys. Rev. B—Condensed 18

Matter (3.0)
Jpn. J. Appl. Pbys. Pt. 2 8

(N/A)
Nature (15.0) 7
?iud. Phys. B (6.1) 6
Solid State Commun. (1.7) 5
Appl. Phys. L.&t. (3,2) 4
Science (14.3) 4
Europbys. Lat. (3.0) 2
Mater. Res. Bull. (0.9) 2
Phys. L&. A (1.6) 2
Z. Phys. B—Condem. Matter. 2

(3.6)
J. Amer. Chem. Sec. (4.3) 1
Phys. Lert. B (3.6) I
Phys. Rep–Rev. Sect. Phys. 1

Mt. (9.7)
Phys, Rev. D-Part. Fields 1

(2.4)
Physics A (1.0) 1
Rev. Mod. Phys. (16.2) 1

shadowtd in this study by 1987 supercon-
ductivity studies, none of which listed
authors from the USSR.

The number of authors per paper was also
affected by the lack of superstring research.
As we noted last year, papers on string
theory usually have only a handful of au-
thors. The dearth of such papers this year,
m well as the appearance of a few high-
mergy physics papers-which can have as
many as 100 or more authors-brought the
average number of authors per paper up.

As Table 3 shows, one paper each had 79,
37, 23, and 15 authors, respectively. Two
had 13. On the other end of the scale, 44
papers had four authors or less; that’s only
dmut half the number of papers that had four
nnhors or less last year. Although the aver-
~ge number of authors per paper had been
$teadily declining since its peak of 11 for
the 1983 study, the average of 7 for this year
is nearly double last year’s average.
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Table 2: National Iorationa of the iaatitotionat
afliliatimra listed by authora in the Bibliography,
according tn tntat papers (column A). B =number of
papers coauthored with reaearchera from institutions
in other counties. C = national locations of institutions
listed by coauthors,

Country A B

us 79 14

Japan 12 2
Switzerland 8 5
France 53
Canada 43

FRG 44

UK
Belgium
India
Israel
Poland
Sweden

USSR

3
1

1
1

1

Yugoslavia 1 1

c

Belgium, Canada, France,
FRG, Japan, Poland,
Sweden, Switzerland, UK,
USSR, Yugoslavia

us
France, FRG, Israel, US
Switzerland, US
FRG, Sweden, US, USSR,

Yugoslavia
Canada, Sweden,

Switzerland, US, USSR,
Yugoslavia

Poland, US
us

Switzerland
UK, US
Canada, FRG, US, USSR,

Yugoslavia
Canada, FRG, Sweden, US,

Yugoslavia
Cana&, FRG, Sweden, US,

USSR

Research Fronts

Further proof that the papers in this year’s
list are on the cutting edge of research is
shown in Table 4, which lists the 1987 and
1988 research fronts that have at least four
of the papers from the Bibliography among
their core documents. ISI’s research fronts
are identified when pairs of core papers
(from any year) are cited together by papers
from the current year.

There are 45 papers listed that are core
to both 1987 and 1988 research fronts; 3 are
core to 1987 research fronts only, while 41
papers are core only to 1988 research fronts.
The code numbers for these research fronts
follow the references in the Bibliography.
Only 11 papers are not included in the core
of any research front.

Unsurprisingly, Table 4 is dominated by
superconductivity: 12 of the 13 fronts in-
clude the term in their titles. Only one front
is concerned with superstrings, down from
four fronts last year. One of the largest
fronts both in terms of citing and core doc-

Table 3: Tire number of authora per paper for the
1987 physical-acierwea articles moat cited in the SCP,
1986-1988.

Number of Number
Authors of

per Paper Papers

79 1
37 1
23 1
15 1
13 2
11 2
10 6
9 6
8 10
7 9
6 6
5 11
4 15
3 17
2 4
I 8

uments is the 1987 front on “High TC
superconductors, band electronic structure,
and doped orthorhombic La2Cu04”
(#87-0892). Twenty-four of the 28 papers
forming the core of this front, identified by
over 1,093 published (citing) papers, are
found in the Bibliography.

Although this is certainly a large research
front, it is not unusual in this study. For ex-
ample, “High l’= superconductivity, pair-
ing interaction in two-dimensional CU02,
and antiferromagnetic spin fluctuations”
(#88-0934) comprises 843 citing papers (10
of its 17 core papers appear in the Bibliog-
raphy); “High TC superconducting thin
films, pulsed laser deposition, and RF
magnetron sputtering using single CO”
(#88-0179) has 802 citing papers (8 of its
43 core papers are listed). Four of the other
superconductivity fronts each include 500
or more current papers.

The only research front in Table 4 that
does not concern superconductivity is the
1988 front entitled, “Four-dimensional het-
erotic string models, superstring solutions,
and multi-loop twist field correiation-func-
tions for Zn orbifolds” (#$8-1072). The
most-cited of these papers, with 95 citations
(15 in 1987 and 80 in 1988), is entitled
‘‘Fourdimensional superstrings,” by I. An-
toniadis, CERN, and colleagues.
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Table4 The1987and 19s38IW r&arch fronts that include at bst fonr of the moat-cited 1987 physicat-
aciencea papers aa coredocuments. A = number of Bibliography papers that are core to each research front.
B= total number of core documents. C= total number of citing papers published for the year designated by the
prefix.

Nmnber

87-0891

874892

87-[972
87-3719

88t3179

88-0693

88-0934

88-1072

88-16$1

88-2W28

88-2172

88-2173

88-5913

Name

High-T< su~rconductiviry and twodimensional antifemomagnetic qaanmm spin-
fluid state in La

High-Tr superconductors, band electromc structure, and doped mthorhombic
L+CU04

H@b-T<superconductors, Y-Ba-Cu-O thin-films, and single-ccystal Y~Cu3074
Superconducdng ceramics, high-resolution electron microscopy, and oxygen

stoichiometry
Hi@TC su~rconducting thin films, pulsed laser deposition, and ~ magnetron

sputtering using single CO
Ffigh-T<superconductors, Cu L3 x-ray absorption, oxygen sites, and electronic

structure of Y~Cu307.d
High-Tc superconductivity, pairing interaction in twodirnensiorml CU02, and

antiferromagnetic spin fluctuations
Four-dmensional beterotic string models, supcrstring solutions, and multi-lcop

twist field correlation-fimctions for Zrr orbifolds
Oxygen ordering in the YB~Cu307.~ basal-plane, high-TC superconductors, and

StmCNral phase transition
High-TCoxidesrrpcrconductors.oxygeniswopceffect in % 8% MCUO.Oand

phnnon-mediated pairing interaction
High- TCsuperconductors, effects of oxygen atom vacancies. and excitement in

solid-state physics
High-TC superconductor YB+CU307, empirical atom potentials, and neutron

powder tilffmction study
High-T, s“~rconductors, doped f+ Cu04, and spin fluctuation coupling

ABC

5581

24 28 1,093

5 11 154
46 136

843802

4 25 51M

10 17 843

5 31 540

5 22 564

45209

6 7 2,099

II 13 710

47490

String theorists conceive of elementary
particles as extended curves and loops in-
stead of as spatial points. As they vibrate,
the resonances of these superstrings produce
the differences between subatomic particles
that we perceive. Through superstring the-
ories, physicists hope to include gravity
within a mathematical framework that rdso
encompasses quantum chmmodynarnics and
the electroweak theory.11. 12

Will Superconductivity Charge
into the Future?

Given the extraordinary level of interest
and activity in superconductivity shown in
this study, it seems reasonable to assume that
superconductors will continue to play a ma-
jor role in future analyses of the most-cited
contemporary papers in the physical sci-
ences. Indeed, reports in Science Watchm,
1S1’s new monthly newsle~er that tracks
trends and performance in basic research, 13
indicate that superconductivity remains one
of the “hottest” research areas in current
science.

For example, a prepublication sample is-
sue of Science Warch listed the top 20 fields
in the 1988 research-front database by ‘‘im-
mediacy’ ‘—the percentage of core papers
that were published during 1986-1988.
Fields with high immediacy are undergoing
rapid change, in which the majority of cur-
rent research is based on findings only a few
years old. Superconductivity dominated this
list with 11 research fronts that averaged
90.7 percent immediacy. The hottest of
these focused on thallium and bismuth cop-
per oxide compounds. 14These compounds
were discovered in 198!3,rendthe high im-
pact papers describing them will likely ap-
pear on our upcoming list of the 1988
physical-sciences papers most cited in 1988
and 1989.

The same issue of Science Watch also
identified the 10 hottest physical-sciences
papers that were most cited in July and
August of 1989.15 All but one were on
superconductivity, and basically the same set
of papers was the hottest in the previous two-
month period examined (May-June 1989).

Assuming that superconductivity does in-
deed maintain its current high level of pub-
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Iication output and impact, we will change
our method for identit@g the most-cited
physical-sciences papers. That is, rather than
list only the top 100 based on total citations
alone, we will compile supplementary lists
of high impact papers from other fields ex-
clusive of superconductivity. This method
will give more balanced coverage of signifi-
cant work in string theory, high-energy
physics, astrophysics, geosciences, and
other key research areas. It will be interest-

ing to discover whether an important topic
from past studies-the deterioration of the
ozone layer in the Earth’s atmosphere-will
make a “comeback” in future essays with
a broader view on the physical sciences.

*****

My thanks w Stephen Bonaduce and

Judith E. Schaeffer for their help in the
preparation of this essay. 0(mm
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