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acquire MI signatures from the ozone formation
reaction (9) (Fig. 3C) via atomic oxygen inter-
action, creating small reservoirs with large posi-
tiveD17O and vice versa (e.g., atmosphericO2with
negative D17O). Similarly, in meteorites, a large
negative MI effect in minor phases (CAIs, chon-
drules and matrices in carbonaceous chondrites,
and Ureilites) and a smaller positive MI effect in
the more abundant classes (by mass, for exam-
ple, ordinary chondrites and Rumaruti classes)
are observed. Meteoritic negative and positive
D17O reservoirs could have been originated during
the actual gas-to-particle formation process as
experimentally demonstrated here (Fig. 3D). Solar
system oxygen is more complicated, and the ini-
tial solar nebular bulk composition is inadequate-
ly defined. The measured oxygen composition of
solar wind from Genesis concentrator is enriched
in 16O comparedwith CAIs (30), but the oxygen
isotopic fractionation between the solar photo-
sphere and the solar wind is not well established
and presently an open question.

The final step in the formation of solid silicate
from the gas-dominated nebula is a chemical re-
action, and the fractionation occurring in this
process should be considered regardless of which
model is invoked. This reaction, if it occurs in a
solar nebula at high temperature, the effect may
be larger than observed in the present experi-
ments given the inverse temperature dependency
as observed for ozone (31). Last, the observed
MI effect is unique to oxygen. The terminal atom
regulates the formation and stabilization of vi-
brationally excited symmetrically structuredmol-
ecules (31, 32), and oxygen plays this critical role

in SiO2. This accounts for why other isotope
systems (e.g., Si) do not correlate with oxygen
and produce an observable symmetry-dependent
fractionation. Carbon and hydrogen are candi-
dates but only possess two stable isotopes and
cannot prove the effect, and sulfur, with multiple
valence states and exchangeability, is not ideal
for preserving the effect.
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Strong Premelting Effect in the
Elastic Properties of hcp-Fe Under
Inner-Core Conditions
Benjamí Martorell,* Lidunka Vočadlo, John Brodholt, Ian G. Wood

The observed shear-wave velocity VS in Earth’s core is much lower than expected from mineralogical
models derived from both calculations and experiments. A number of explanations have been
proposed, but none sufficiently explain the seismological observations. Using ab initio molecular
dynamics simulations, we obtained the elastic properties of hexagonal close-packed iron (hcp-Fe)
at 360 gigapascals up to its melting temperature Tm. We found that Fe shows a strong nonlinear
shear weakening just before melting (when T/Tm > 0.96), with a corresponding reduction in VS.
Because temperatures range from T/Tm = 1 at the inner-outer core boundary to T/Tm ≈ 0.99 at the
center, this strong nonlinear effect on VS should occur in the inner core, providing a compelling
explanation for the low VS observed.

Earth’s inner core is predominantly made
of iron (Fe), but it is commonly assumed
to contain 5 to 10% Ni (1) and also light

elements such as Si, C, and S, ~2 to 3 weight per-

cent in total (1, 2). Seismic wave velocities through
the inner core are known, but at present, seismo-
logical and mineralogical models for the inner
core do not agree (3–9). A major discrepancy be-
tween the observed seismic data and current
mineralogical models derived from ab initio cal-
culations is that these mineralogical models pre-
dict a shear-wave velocity VS that is up to 30%

greater than the seismically observed values
(4, 9, 10). The addition of small quantities of Ni
under these conditions does not reduce VS by a
sufficient amount to explain this (9), and although
the effect of light elements on the velocities of
Fe is not totally clear at inner-core conditions
(11, 12), all studies show that light-element effects
are too small [<5% in VS for 7% molar fraction in
Si at 5000 K and 13,000 kg m−3 (11)] to solve the
discrepancy.

Another possible cause of the discrepancy
between mineralogical models and seismic data
is that the elastic constants of Fe may soften dras-
tically and nonlinearly very near to its melting
point Tm, as has been observed in other metals.
For instance, the shear modulus of Sn has been
experimentally and theoretically shown to de-
crease by more than 50% at temperatures within
~1% of its melting point (13, 14). According to
ab initio simulations, the melting point of pure
Fe at the conditions of the inner core is in the
range 6200 to 6900 K (15–17) according to phase
coexistence calculations (solid and liquid), with
upper limit estimates up to 7500 K (18) when
only the solid phase is heated until melting. The
highest temperature for which the elastic proper-
ties of hcp-Fe have been obtained computationally
is 6000 K (5); however, relative to the melting
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point of this simulation, T/Tm is probably ~0.8
and so this temperature is likely to be too low to
reveal any strong elastic shear weakening just
below melting.

To examine whether premelting effects in the
elasticity of Fe can resolve the discrepancy in VS
between mineralogy and seismology, we simu-
lated the effect of temperature on VS at 360 GPa
for hcp-Fe up to its melting point. We performed
periodic ab initio calculations based on density
functional theory (DFT) derived from quantum
mechanics, coupled with molecular dynamics to
obtain the elastic properties of hcp-Fe at finite
temperatures (19).

Simulations of hcp-Fe at 360 GPa and at
temperatures of 6600, 7000, 7250, and 7340 K
(19), together with previous simulations at the
same pressure and lower temperatures (9), indi-
cated that the behavior of the elastic constants up
to ~6600 K (Fig. 1) is very similar to that found
in our earlier work on hcp-Fe at ~315 GPa and
temperatures up to 5500 K (20). Specifically,
elastic constants [defined as the ratio of applied
stress on a material to the strain produced (19)]
c11, c33, and c44 decreased with temperature, and
c12 and c13 slightly increased (Fig. 1). However,
one important difference between the simula-
tions at 360 GPa and 315 GPa is that at higher
pressure c33 is always larger than c11; this find-
ing suggests a large pressure dependence for the
c11-c33 crossover.

Above 6600 K, our calculations show that all
of the elastic constants decreased with temper-
ature, with some of them displaying very strong
temperature dependence (Fig. 1). In particular,
c44, c12, and c11 dropped by 46%, 19%, and 32%,
respectively, from 7000 to 7340 K. This pro-
nounced drop for a temperature increase of only
340 K indicates that the calculations above
7000 K are approaching the melting point of the
simulated system. Analysis of the radial distribu-
tion functions and the root-mean-square displace-
ments of the atoms, however, confirmed that the
system remained completely solid during the simu-
lation at 7340 K (fig. S1). A simulation at 8000 K
melted completely after 16 ps (19).

The temperature dependence of the shear mod-
ulus (G) reveals an almost linear decrease up to
7000 K, followed by an abrupt drop beyond this
point (fig. S2). Most models for G versus T de-

scribe only the linear region [e.g., the mechanical
threshold stress model or the Steinberg-Cochran-
Guinan model (21, 22)] and do not describe its
behavior close to the melting temperature. For this
reason, Nadal and Le Poac [NP (13)] implemented
a newmodel, based onLindemannmelting theory,
that accounts for both the linear region and the
region close to the melting temperature. Using
this model (19), we obtained a Lindemann coef-
ficient of f = 0.112 and a melting temperature of
7350 K for hcp-Fe at 360 GPa. The f coefficient
is a material-dependent parameter and is normally
between 0.1 and 0.3 (23); hence, our value falls
in a reasonable range.

We note that the melting temperature obtained
in this way is ~850 K higher than that expected
from previous ab initio simulations (16, 17),
which used the phase coexistence method. This
reflects the fact that the goal of the present work
is not to obtain an accurate estimate for the melt-
ing temperature of hcp-Fe at 360 GPa, but rather
to investigate the behavior of its elastic constants
(and therefore the seismic velocities) very close
to melting. To obtain the elastic constants, our
simulations needed to be performed on a system
with no preexisting surface or defects (such as the
solid-liquid interface required for the phase co-
existence approach), and it is well known that
melting temperatures obtained in such a homo-
geneous system (mechanical melting) are sub-
stantially higher than the true thermodynamic (or
heterogeneous) melting temperature (24, 25). The
melting temperature obtained here using theNadal–
Le Poac model is about 15% higher than that
obtained using free energies or phase coexistence
methods and is in accord with previous work
showing that homogeneous melting temperatures
are about 20%higher than the heterogeneousmelt-
ing temperatures (26–31).

Although the strong decrease in elastic moduli
in Fe observed here is seen close to the homoge-
neous melting temperature, there is good evidence
that this also happens in a real heterogeneous
sample. First, the experimentally measured elas-
tic constants of Sn show a strong weakening at
T/Tm ≈ 0.99, where Tm is the true heterogeneous
melting temperature. Second, this decrease has
also been observed in atomistic simulations in
body-centered cubic (bcc) vanadium at T/Tm ≈
0.98 (24). Third, the strong elastic weakening is

associated with a rapid increase in defects (de-
fined as over- or undercoordinated atoms), and
this occurs at both the homogeneous and heter-
ogeneous melting temperatures (27–31). The
only difference in the heterogeneous case is that
surface and preexisting defects can propagate
into the bulk at a lower temperature than in a ho-
mogeneous solid. The number of atomic defects
in our simulation jumped from 34% at 7340 K to
70% at 8000K (19) (fig. S3). This is in very good
agreement with previous simulations on much
larger systems (27–31). Thus, it is relative tem-
perature (T/Tm) rather than absolute temperature
that is important.

Both compressional-wave (VP) and VS veloc-
ities decreased almost linearly with temperature
up to ~7000 K at 360 GPa, with a substantial
drop beyond this point (Fig. 2). The temperatures
at which the velocities from the Preliminary Ref-
erence Earth Model (PREM) and our NP-like (like
NP model but for velocities instead of G) mod-
el agree (7130 K for VP and 7250 K for VS) are at
T/Tm values of 0.971 and 0.988, respectively, rela-
tive to the melting temperature of the simulation.
Using an adiabatic geotherm (32), we find that the
center of Earth should be ~200 K hotter than the
inner-core boundary (ICB), whereas the melting
line at the center of the inner core is 280 K above
the temperature at the ICB (17); this leads to a
value at the center of the inner core of T/Tm =
0.988. Thus, the core does indeed lie in a range of
T/Tm where the velocities might be expected to
be strongly decreased near melting.

Our results show that VP and VS for the inner
core can be fitted with pure Fe for a physically
sensible value of T/Tm. However, our simulated
density of pure Fe is ~3% too high, and so the
presence of light elements is still required to match
inner-core values (table S1), but we would ex-
pect Fe with a few percent light elements to also
show a strong shear softening near the melting
temperature. If we assume that the light elements
reduce the melting temperature of the Fe alloy,
then the softeningwill occur at lower temperatures
than in pure Fe, putting it in a more reasonable

Fig. 2. CalculatedVP andVS velocities for hcp-Fe
asa functionof T/Tmandsimulation temperature
at360GPa. The solid black curves are fits to NP-like
models (19). The gray band represents theminimum
andmaximummelting temperatures for hcp-Fe (18).
The points below 6000 K are from (9).

Fig.1.Calculatedelastic
constants for hcp-Fe as
a functionof simulation
temperatureat360GPa.
The solid black curves are
fits to NP-likemodels (19).
The gray band represents
the minimum and maxi-
mummelting temperatures
(18). The points below
6000 K are from (9). (A)
The complete temperature
range. (B) Results in the
nonlinear regime.
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range of likely core temperatures. However, fur-
ther investigations into multicomponent systems
are essential to fully understand their effect on the
elastic properties of the core. Overall, our results
demonstrate that the inner core is likely to be in the
strongly nonlinear regime; hence, there is no need
to invoke special circumstances such as strong
anelasticity, partial melts, or combinations of crys-
talline phases in order to match the observed
seismic velocities and densities of the inner core.
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Atypical Combinations and
Scientific Impact
Brian Uzzi,1,2 Satyam Mukherjee,1,2 Michael Stringer,2,3 Ben Jones1,4*

Novelty is an essential feature of creative ideas, yet the building blocks of new ideas are often
embodied in existing knowledge. From this perspective, balancing atypical knowledge with
conventional knowledge may be critical to the link between innovativeness and impact. Our
analysis of 17.9 million papers spanning all scientific fields suggests that science follows a
nearly universal pattern: The highest-impact science is primarily grounded in exceptionally
conventional combinations of prior work yet simultaneously features an intrusion of unusual
combinations. Papers of this type were twice as likely to be highly cited works. Novel combinations
of prior work are rare, yet teams are 37.7% more likely than solo authors to insert novel
combinations into familiar knowledge domains.

Scientific enterprises are increasingly con-
cerned that research within narrow bound-
aries is unlikely to be the source of the most

fruitful ideas (1). Models of creativity empha-
size that innovation is spurred through original
combinations that spark new insights (2–10). Cur-
rent interest in team science and how scientists
search for ideas is premised in part on the idea
that teams can span scientific specialties, effec-
tively combining knowledge that prompts scien-
tific breakthroughs (11–15).

Yet the production and consumption of
boundary-spanning ideas can also raise well-
known challenges (16–21). If, as Einstein be-
lieved (21), individual scientists inevitably become
narrower in their expertise as the body of sci-
entific knowledge expands, then reaching ef-
fectively across boundaries may be increasingly
challenging (4), especially given the difficulty
of searching unfamiliar domains (17, 18). More-
over, novel ideas can be difficult to absorb (19)
and communicate, leading scientists to inten-
tionally display conventionality. In his Principia,
Newton presented his laws of gravitation using
accepted geometry rather than his newly de-
veloped calculus, despite the latter’s impor-
tance in developing his insights (22). Similarly,
Darwin devoted the first part of the Origin of
Species to conventional, well-accepted knowl-
edge about the selective breeding of dogs, cat-
tle, and birds. From this viewpoint, the balance

between extending science with atypical com-
binations of knowledge while maintaining the
advantages of conventional domain-level think-
ing is critical to the link between innovativeness
and impact. However, little is known about the
composition of this balance or how scientists
can achieve it.

In this study, we examined 17.9 million re-
search articles in the Web of Science (WOS) to
see how prior work is combined.We present facts
that indicate (i) the extent to which scientific pa-
pers reference novel versus conventional combi-
nations of prior work, (ii) the relative impact of
papers based on the combinations they draw
upon, and (iii) how (i) and (ii) are associated with
collaboration.

We considered pairwise combinations of refer-
ences in the bibliography of each paper (23, 24).
We counted the frequency of each co-citation
pair across all papers published that year in the
WOS and compared these observed frequencies
to those expected by chance, using randomized
citation networks. In the randomized citation
networks, all citation links between all papers
in the WOS were switched by means of a Monte
Carlo algorithm. The switching algorithm pre-
serves the total citation counts to and from each
paper and the distribution of these citation
counts forward and backward in time to ensure
that a paper (or journal) with n citations in the
observed network will have n citations in the
randomized network. For both the observed and
the randomized paper-to-paper citation networks,
we aggregated counts of paper pairs into their
respective journal pairs to focus on domain-level
combinations (24–26). In the data, there were
over 122 million potential journal pairs created
by the 15,613 journals indexed in the WOS.
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