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Superconductivity in alkali-metal-doped picene
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Efforts to identify and develop new superconducting materials
continue apace, motivated by both fundamental science and the
prospects for application. For example, several new superconduct-
ing material systems have been developed in the recent past,
including calcium-intercalated graphite compounds', boron-
doped diamond* and—most prominently—iron arsenides such
as LaO;_,F,FeAs (ref. 3). In the case of organic superconductors,
however, no new material system with a high superconduct-
ing transition temperature (T.) has been discovered in the past
decade. Here we report that intercalating an alkali metal into
picene, a wide-bandgap semiconducting solid hydrocarbon, pro-
duces metallic behaviour and superconductivity. Solid potassium-
intercalated picene (K,picene) shows T, values of 7K and 18K,
depending on the metal content. The drop of magnetization in
K,picene solids at the transition temperature is sharp (<2K),
similar to the behaviour of Ca-intercalated graphite'. The T, of
18K is comparable to that of K-intercalated Cgo (ref. 4). This
discovery of superconductivity in K,picene shows that organic
hydrocarbons are promising candidates for improved T, values.

The metal doping of organic molecular compounds and graphites,
solids with m-electron networks, has been extensively studied in the
search for novel physical properties, such as metallic behaviour and
superconductivity***. Alkali-metal doping of face-centred cubic
(f.c.c.) Cgp crystals has produced a T as high as 33 K; the maximum
T, was observed in solid RbCs,Cgj (ref. 5). In alkali-metal-doped Cq
crystals, expansion of the lattice led to the increase in T, which is well
explained by the density of states (DOS) on the Fermi level (N(eg))
being enhanced by the reduction of transfer integral #, which leads to
an increased T, according to the Bardeen, Cooper and Schrieffer
(BCS) theorem. A general relationship has been reported between
T, and the lattice constant a of alkali-metal-doped f.c.c. Cg crystals®.
Nevertheless, no superconductivity has been observed for Cs;Cq at
ambient pressure. In 1995, a superconducting transition of T, = 40 K
at the high pressure of 15 kbar was reported’ for Cs;Cg prepared by a
solution process with liquid NHj, but its superconducting volume
fraction was quite small. Very recently, a superconducting volume
fraction of 80% (T, = 38 K) was reported® for Cs3Cg at 15 kbar. This
was assigned to the A15 phase, and was realized by a solution process
involving (CH3)NH, (ref. 8). Its physical properties are fully reported
in ref. 9. The metal-doped graphites also show a superconducting
transition at ambient pressure. Ca-doped graphite, CaCe, has' a
superconducting transition of T. = 11.5 K. Furthermore, Yb-doped
graphite, YbCs, is' a superconductor with a T, of 6.5 K. The metal
atoms are intercalated into the space between the graphene sheets.
These T, values are considerably higher than those of alkali-metal-
doped graphite reported in the 1960s'". Thus, modification of the
electronic structures in materials with m-electron networks by metal
dopingis a very important way to bring out novel physical properties,
such as superconductivity.

Recently, a new synthetic route was found for the organic hydro-
carbon, picene', the molecular structure of which is shown in Fig. 1.
A detailed description of the synthetic method is provided in
Supplementary Information. This very simple method can produce
large quantities of high purity picene. We have fabricated a field-
effect transistor (FET) with thin films of picene synthesized by this
procedure'>"”. The FET device showed excellent properties, with a
field-effect mobility, u, of greater than 3cm®V~'s™', which is
remarkably enhanced by exposure to O,. These excellent properties
are due to its wide bandgap of 3.3 eV (ref. 15). The p value of the picene
thin film FET currently reaches ~5cm” V™ 's™ under 500 torr of O,
which is the highest u reported to date for an organic thin film FET.
The picene molecule is a flat hydrocarbon, as can be seen from Fig. 1,
and it may be regarded as a fragment of graphene sheet. Therefore, by
analogy with the superconductivity of metal-intercalated graphite, we
can expect to produce superconductivity by doping picene crystals
with a metal. The metal-intercalated compounds of the aromatic
hydrocarbon pentacene, with the same number of benzene rings as
picene, have been investigated by several groups'*'*. However, only
metallic behaviour was found in alkali-metal-doped pentacene, and
no superconducting transition was observed. In this study, we have
prepared alkali-metal-intercalated picene solids and investigated their
physical properties. The magnetic properties of the K,picene solids
clearly showed superconducting transitions at 7 and 18 K.

A crude sample of picene was synthesized by the procedure men-
tioned above'. The "H NMR of this crude sample showed only peaks
due to the H atoms of picene. The crude sample was sublimed and
purified by heating at 573 K under flowing Ar. The ESR of the sub-
limed sample showed no peaks, showing that the sublimed picene

Picene crystals

Kypicene

Figure 1| Molecular structure, crystal structure and physical appearance
of picene. Photographs show pristine picene (top; white) and K,picene
(bottom; black).
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sample had no impurities detectable by ESR. Furthermore, the
Rietveld refinement for the X-ray diffraction pattern of pristine
picene could be achieved based on the crystal structure reported
previously'®; the ‘herringbone’ crystal structure is shown in Fig. 1.
The X-ray diffraction pattern of picene is shown in Supplementary
Fig. 7a. The alkali metals were intercalated into crystals of picene by
annealing nominal compositions of picene and alkali metals in glass
tubes at 440K for 7-21days. The pressure in the glass tube was
reduced to 10~ ®torr before sealing and annealing. As shown in
Fig. 1, the K picene sample was a black powder, quite different from
the white powder of pristine picene. The chemical stability of
K,picene is fully described in Supplementary Information. In this
paper, the x values in alkali-metal-intercalated picene (A,picene,
where A indicates alkali metal) refer to the nominal mole ratios.

Figure 2a shows the magnetization M (expressed as M/H, where H
is the applied magnetic field) as a function of temperature 7T, for
K, opicene for zero field cooling (ZFC) and field cooling (FC) mea-
surements; here H is 20 Oe. Both M/H versus T plots show a drastic
decrease below 7.1 K. The explanation how the superconducting
transition temperature is determined in this study is fully described
in Supplementary Information; the temperature of the inflection
point in the M/H versus T plot, T.™, is defined as T. in this text.
The T, was determined to be 7.0 K from these plots. The diamagnetic
M/ Hin the ZFC and FC measurements can be assigned to the shield-
ing and Meissner effects, respectively. As seen from Fig. 2a, the M/H
value decreases rapidly, and the difference between T.°™*" and the
temperature for the minimum M/H value (T.*Y) is less than 0.5 K.
This is extremely small in comparison with the corresponding value
of >10K for K5Cg and LaO,_,F,FeAs (refs 3, 4), while a similarly
rapid reduction is clearly observed in CaCq4 (ref. 1). The shielding
fraction shown in Fig. 2a is ~0.1%. The highest shielding fraction
reaches 15% in K-doped picene exhibiting a T, of 7 K, for which the
M/H versus T plots are shown in Fig. 2a inset.

In Fig. 2b we show an M/H versus T plot of K; spicene exhibiting a
T. of 18 Kin ZFC and FC measurements at an applied H of 20 Oe. The
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Figure 2 | Temperature dependence of M/H. a, M/H versus T plots for
superconductors with T. = 7 K; K, gpicene (main) and Kj ;picene (inset).
The shielding fraction is 0.1% for K, ¢ picene and 15% for Kj; spicene. b, M/H
versus T plots for the T. = 18 K superconductor, Kj; spicene; the shielding
fraction is 1.2%. ¢, d, Magnetic field dependence of M/H versus T and M
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M decreases below 20 K, that is, the T.°"*"is as high as 20 K; from the
inflection point of the plots, the T, was determined to be 18 K. The
diamagnetic M/H is clearly confirmed in the ZFC measurement, and
the diamagnetic M/H decreases in the FC measurement. These dia-
magnetic M/H values can be assigned to the shielding and Meissner
effects, demonstrating a superconducting phase in K; spicene below
18 K. The M/H almost reaches its minimum value within ~2 K from
the normal state. The shielding fraction is 1.2%. It should be noted
that this T is extremely high among organic superconductors**",
being even comparable to that of K3Cg (ref. 4). Although the nominal
value of x in both K, gpicene and Kj spicene is close to 3, we cannot
clearly determine at present whether these differences represent
different crystal phases in Kspicene or different numbers of K atoms
intercalated into the picene crystals. Furthermore, it is important
to say that both the shielding and Meissner fractions increased when
the powder sample was pressed to form a pellet, showing that this
superconductivity is not assigned to the surface but to a bulk phase.
The physical properties of superconducting K-doped picene are
described in Supplementary Information, together with comments
on the superconducting phases and the superconducting volume
fraction.

Figure 2c shows the magnetic field dependence of M/H versus T
plots for the T. = 18 K superconductor, Kj; spicene. We see that the
diamagnetic signal disappears gradually with the application of H.
The drop of M/H at 5K was still observed for Kj; s;picene even at
1,000 Oe, although the T.°™" value decreased to 17 K. This result
shows that the superconducting phase is not completely destroyed
by the application of a weak H. The M versus H plot for the T, = 18 K
superconductor (K; spicene) at 5 K is shown in Fig. 2d, and the lower
critical magnetic field H,; was determined to be 380 Oe, showing that
the K jpicene is a type-1I superconductor. The upper critical H, H,,,
cannot be definitely determined, but the value seems to be >10* Oe.
The magnetic field dependence of M/H versus T plot for the T, = 7K
superconductor is described in Supplementary Information (Sup-
plementary Fig. 4).
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versus H plots for the T, = 18 K superconductor, Kj; ;picene. The inflection
points in M/H versus T plots are shown by black arrows. The M values were
measured by SQUID magnetometer (Quantum Design MPMS2) in the
temperature region >2 K.
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Figure 3 | Superconducting phase diagrams. a, b, Superconducting phase
diagrams of superconductors with T, values of 7K (a) and 18 K (b). The H

versus T plots are determined from the onset temperature (T.°**") (filled
circles), inflection point (filled triangle) and the temperature (filled square)

The superconducting phase diagrams for the superconductors
with T, values of 7 and 18 K are shown in Fig. 3a and b, respectively,
and the (T. — T)"? fitting curves are also drawn. The plots are esti-
mated from the values of T.°™, T."™ (= T.) and T.*" of the M versus
T plots for the 7K superconductor (Supplementary Fig. 4) and the
18 K superconductor (Fig. 2c) at each H. As seen from Fig. 3, the
difference between the T.°™ value and the T."™ (or T.°"%) value
becomes large with an increase in the applied H, that is, the M versus
T plots have a low slope. Here, it should be noted that the H versus T
plots (Fig. 3) estimated from T.°™ (filled circles) and T2 (filled
squares) correspond to H, and H,j, respectively. Actually, as seen
from Fig. 3b, the fitting curve for the H versus T plot shown by filled
squares is consistent with the H,, value of 380 Oe (shown by the open
square) estimated directly from the M versus H plots of K5 spicene at
5K (Fig. 2d).

The M/H versus T plots above the T.°™ of 7.1K for the 7K
superconductor and above the T.°™" of 20K for the 18 K supercon-
ductor show a contribution of localized spins in addition to Pauli
spins. The magnetic properties of normal states in these supercon-
ductors are discussed below with the aid of ESR data. We prepared
K,picene samples with different compositions of K. Some of the
prepared K,picene samples are listed in Table 1 together with their

Table 1| List of A,picene (A: alkali-metal) samples prepared in this study

A X Annealing  Annealing time Physical properties Shielding
temperature (days) fraction
(K)
K 1.0 440 6.5 Pauli-like NA
K 1.8 440 7.0 Pauli-like NA
K 2.6 440 8.0 SC(T.=6.5K) < 0.1%
K+t 29 440 92.0 SC(T.=7.0K) 0.1%
K 3.0 440 8.0 SC(T.=6.5K) < 0.1%
K 3.0 440 9.0 SC(T.=17K) 0.1%
K 3.1 440 4.0 SC(T.=7.4K) <0.1%
K 33 440 21.0 SC(T.=8K) < 0.1%
*Ki 33 440 21.0 SC(T.=6.9K) 15%
K 3.3 440 8.5 SC(T.=7.1K) < 0.1%
K 3.3 440 11.0 SC (T.=18K) 0.55%
*K8§ 33 440 11.0 SC (T.=18K) 1.2%
K 4.0 440 8.0 Curie-like NA
K 51 440 125 Curie-like NA
Na 34 570 5.0 Pauli-like NA
Rb 2.8 440 16.5 Pauli-like NA
Rbl| 3.1 570 6.7 SC(T.=6.9K) 10%
Cs 3.0 440 9.0 Metal-insulator NA
transition

Superconducting samples shown bold. The SQUID measurements were generally performed on
a powder sample, except as indicated by footnote. SC, superconducting. NA, not available.
*SQUID measurement on pellet samples.

T Properties shown in Figs 2a and 3a, and Supplementary Fig. 3a.

I Properties shown in Fig. 2a inset.

§ Properties shown in Figs 2b-d and 3b, and Supplementary Fig. 3b.

IIProperties shown in Supplementary Fig. 3c.

78

NATURE|Vol 464 |4 March 2010

b 2,000 T T T T T
1,500 R
T SC M
€ 1,000 1
T
L
500 [ E
O f\m ‘ 1

0 5 10 15 20 25 30
T(K)

of the minimum value reached in M/H versus T plots at each H; SC,
superconducting phase; M, normal metal phase. The open square refers to
the H; of 380 Oe estimated from M versus H plots (Fig. 2d).

physical properties. All K,picene samples with x <2 showed Pauli-
like behaviour at all temperatures down to 2 K (Supplementary Fig. 5).
No superconducting transition was observed for K picene with x < 2.
On the other hand, all K, picene samples with x > 4 showed Curie-like
behaviour (Supplementary Fig. 6). These results strongly suggest that
the superconducting phase in K, picenelies on x = 3, and that different
crystal phases exhibiting T, of 7 and 18K seem to be formed in
Kjpicene. If this is the case, three electrons transferred from K atoms
occupy the lowest unoccupied molecular orbital (LUMO) and
LUMO+1, and the LUMO+1 is half occupied. Therefore, the DOS
of the LUMO+1 band of K;picene seems to be responsible for the
superconducting transition. The electronic structures of K, picene are
fully described in Supplementary Information.

To extract exclusively the contribution of Pauli paramagnetism, the
ESR spectra of K,picene superconductors were measured. The ESR
spectrum consists of a very narrow peak due to localized spins and a
wide peak due to conduction electrons (conduction electron ESR).
We estimated the magnetic susceptibility to be 7.5 X 10 e.m.u.
mol ™" from the conduction electron ESR for K; spicene (T, = 18 K)
at 300 K, and this gives the N(ep) of 1.2 states eV~ ' per picene per spin.
This N(ep) value seems to be reliable, because the conduction electron
ESR gives selectively only the Pauli paramagnetism. On the other
hand, the conduction electron ESR in K, gpicene (7, = 7 K) was too
small to estimate the spin susceptibility, suggesting a smaller N(eg) for
a7 Ksuperconductor than for a 18 K superconductor. The correlation
between N(er) and T, seems to be reasonable, being consistent with
the BCS theorem. The high magnetic susceptibilities in normal states
estimated from SQUID (Fig. 2a and b) may be due to additional spins
from small amounts of impurities included in the sample. This is fully
described in Supplementary Information.

A structure of stacked two-dimensional (2D) layers is formed in
pristine picene crystals (herringbone structure), as shown in Fig. 1,
and the crystals have a monoclinic lattice (space group P2;) with
lattice constants a = 8.472(2) A, b= 6.170(2) A, ¢= 13.538(7) A and
f =90.81(4)°; the X-ray diffraction pattern is shown in Supplemen-
tary Fig. 7a. The layer forms in the a—b plane, and the 2D layer
structure is similar to that of pentacene crystals'>"*. In the case of
alkali-metal-intercalated pentacene, the metal atoms are found to be
intercalated in the space between the a-b layers, on the basis of the
expansion of cupon intercalation'>**. This result is consistent with the
very small electric conductivity parallel to the ¢ axis in comparison
with conductivity in the a and b directions. We measured the X-ray
diffraction pattern of K, gpicene and determined the lattice constants.
The Le Bail fitting analysis could reproduce well the measured X-ray
diffraction pattern with these lattice constants: a=8.707(7) A,
b=15912(4) A, c=12.97(1) A, B =92.77(5)°—the X-ray diffraction
pattern is shown in Supplementary Fig. 7b. The lattice parameters
estimated by a simple index analysis showed a good correspondence
with the above values determined by means of a Le Balil fit. The a is
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expanded from 8.472 to 8.707 A by the intercalation of K atoms into
picene crystals, but the band care shrunk, suggesting the intercalation of
K atoms into the a—b plane (intralayer intercalation). This is in contrast
to the case of lightly doped pentacene'*'**°. The suggested crystal struc-
ture of superconducting K, gpicene is fully discussed in Supplementary
Information.

Finally, we prepared Na, Rb and Cs intercalated materials, A picene.
Pauli paramagnetism was observed down to 2K for Na; 4picene and
Rb, gpicene, while no superconducting transition was observed. The
M/ H of Cs; gpicene changed drastically at around 150 K. Above 150K,
the M/H was independent of temperature, while below 150 K the M/H
increased drastically, indicating a metal-insulator transition at around
150 K. Although the origin of the transition remains to be clarified, the
lattice expansion due to the intercalation of Cs atoms, with their large
ionic radius, may affect the electronic structure of A picene crystals.
Very recently, we observed a clear superconductivity in Rbs ;picene
with a T, of 6.9K and a high shielding fraction of 10% (Supplemen-
tary Fig. 3¢), and the study of its properties and exact superconducting
phase are now in progress. So we have observed superconducting tran-
sitions for K,picene and Rb,picene with x= 3. A detailed search for
superconductors similar to A picene is necessary to explore further the
physics and chemistry of picene and organic hydrocarbon materials.
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