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in a coincidence pattern not containing any intensity zeroes. Such a
coincidence pattern would also be observed if a shifted hologram
together with a mono-mode detector were not able to analyse for
superposition states.

An entangled state represents correctly both the correlation of the
eigenmodes and the correlations of their superpositions. Having
experimentally con®rmed the quantum superposition for l � 0 and
l � 6 2, it is reasonable to expect the quantum superposition will
also occur for the other states. Nevertheless, ultimate con®rmation
of entanglement will be a Bell inequality experiment generalized to
more states25. Such an experiment will be a major experimental
challenge, and we are preparing to perform it.

For a pump beam with zero angular momentum, the emitted
state must then be represented by

w � C0;0j0ij0i � C1;21j1ij 2 1i � C21;1j 2 1ij1i
� C2;22j2ij 2 2i � C22;2j 2 2ij2i � ¼¼

�1�

as the LG modes form an in®nite dimensional basis. Here the
numbers in the brackets represent the indices l of the LG modes,
and the Ci,j denote the corresponding probability amplitude for
measuring ji ijj i. The state (1) is a multi-dimensional entangled
state for two photons, which in general will also contain terms
with radial mode index p Þ 0. It means neither photon in state
(1) possesses a well-de®ned orbital angular momentum after
parametric down-conversion. The measurement of one photon
de®nes its orbital angular momentum state, and projects the
second one into the corresponding orbital angular momentum
state.

It is conceivable that these states could in the future be extended
to multi-dimensional multi-particle entanglement. A growing body
of theoretical work calls for entanglement of quantum systems of
higher dimensions7,8. These states have applications in quantum
cryptography with higher alphabets and in quantum teleportation.
As such states increase the ¯ux of information, it is conceivable that
they could be important for many other applications in quantum
communication and in quantum information. The possibility of
using these photon states to drive micromachines, and the applica-
tion of these states as optical tweezers, make them versatile and
potentially suitable for future technologies19±21. M
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Ferromagnetism and superconductivity are thought to compete in
conventional superconductors, although in principle it is possible
for any metal to become a superconductor in its non-magnetic
state at a suf®ciently low temperature. At pressures above 10 GPa,
iron is known to transform to a non-magnetic structure1,2 and the
possibility of superconductivity in this state has been predicted3,4.
Here we report that iron does indeed become superconducting at
temperatures below 2 K at pressures between 15 and 30 GPa. The
transition to the superconducting state is con®rmed by both a
drop in resistivity and observation of the Meissner effect.

An iron sample with purity of 99.995% (Johnson Matthey) was
puri®ed further and degassed by heating close to the melting point
in an ultra-high-vacuum chamber. The sample was cut into a
rectangular shape of 0:04 3 0:160 3 0:07 mm3 and placed in the
sample chamber of a non-magnetic diamond-anvil cell (DAC) made
of BeCu alloy. For electrical resistivity measurements the BeCu
metal gasket was covered with a thin Al2O3 layer for electrical
insulation. Electrical resistivity measurements are performed
using the a.c. four-terminal method with a typical measuring
current of 0:1 3 1026 A at low temperatures below 10 K. The
sample chamber was ®lled with NaCl as the pressure-transmitting
medium (Fig. 1a). Several ruby chips of less than 0.002 mm in
diameter were located around the sample and the applied pressure
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was determined by a standard ruby ¯uorescence method. The
pressure was applied and ®xed at room temperature, and the
DAC was assembled on the mixer of a 3He/4He dilution refrigerator;
the temperature dependence of the resistivity of iron was measured
at temperatures down to 30 mK.

A small but de®nite drop in the electrical resistivity was observed
at temperatures below 2 K at pressures above 16 GPa. A typical
resistivity±temperature (R±T) curve at a pressure of 25 GPa is
shown in Fig. 1b. As expected for conventional superconductors,
the drop was suppressed and broadened by a large measuring
current above 1 3 1026 A. When we applied an external magnetic
®eld the resistivity drop shifted towards lower temperatures and
disappeared at 0.2 T, as shown in Fig. 2. The observed magnetic-®eld
dependence shows that the drop was due to the superconducting
transition of the iron sample. The measured critical ®eld for iron is
almost ten times larger than that of other superconductors such as
rhenium or thallium with similar critical temperatures of about 2 K.
The change in the resistivity due to the transition was less than 10%

 

Figure 1 Arrangement of sample in the pressure-cell, and the low-temperature

experimental curve of the resistance of iron at 25 GPa. a, Photograph showing the

con®guration of the sample and electrodes on the pressure surface of the diamond anvil.

The gold wires, 0.01 mm in diameter, were attached to the sample crystal using micro-

spot welding and placed in the sample chamber, which was ®lled with sodium chloride

and connected to a platinum electrode outside the chamber. b, Temperature dependence

of the electrical resistivity of iron at 25 GPa. A 10% drop in resistivity indicates the onset of

superconductivity at around 1.5 K. To our knowledge, no report exists for the

superconductivity of gold or platinum, including the pressure-induced case. Nor had we

previously detected a superconducting signal from gold or platinum in experiments in this

pressure region. Scale bar, 0.1 mm.

Figure 2 Magnetic-®eld dependence of the resistance drop of iron for various magnetic

®elds at 23 GPa. The resistance drop shifts towards lower temperature with increasing

applied magnetic ®eld. Above 0.18 T, only the temperature-independent residual

resistance value is observed.
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Figure 3 The temperature dependence of the magnetization of iron under pressure

obtained by cooling the sample at a magnetic ®eld of 130 G. The signal at 21 GPa (the

area enclosed by the dotted line is expanded in the upper inset) shows the appearance of

diamagnetism at temperatures below 1.7 K, which is con®rmed by the signal given by tin

at 2.7 K. The lower inset shows the disappearance of the Meissner signal in iron when the

pressure is decreased to 3.5 GPa in the b.c.c. phase.
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of the total residual resistivity. This is because the residual resistivity
includes contributions from the thin gold wire in series with the
sample as well as from the ®nite contact resistance, which is
estimated to be around 90% of the measured resistance. The main
impurities contained in the starting material were O, Ta, Si and Co
at concentrations of 115, 10, 8.3 and 8.3 p.p.m., respectively,
according to the chemical analysis data. Thus we regard the drop
as the onset of superconductivity of iron.

To con®rm the superconductivity, we tried to detect the Meissner
effect using a SQUID (superconducting quantum interference
device) magnetometer at 21 GPa. A 4:1 mixture of methanol/
ethanol was used as the pressure-transmitting medium. An iron
sample was obtained from the rod that provided the samples used
for the resistance measurements, cut into slices 0.04 mm in thick-
ness and 0.15 mm in diameter, and placed in the chamber of the
BeCu gasket. Several turns of pick-up coil for the SQUID magneto-
meter were wound closely around the pressure surface of the
diamond and an equal number of turns near to the diamond for
background compensation. A small tin chip was put inside the
compensation coil as a reference sample to check both the sign and
the magnitude of the signal from iron. Figure 3 shows the super-
conducting transition signals from iron at 1.7 K and tin at 2.7 K, of
opposite sign.

The pressure dependence of the transition temperature Tc was
observed in the pressure range between 15 GPa and 30 GPa (Fig. 4).
Superconductivity was observed in three different runs of the
resistivity measurements and the magnetization measurement.
Runs 1 and 2 were obtained by quasi-hydrostatic conditions with
NaCl as the pressure-medium. No pressure-medium was used for
run 3 and the superconductivity transition was observed only while
reducing the pressure from 90 GPa. This implies that even a very
small amount of remaining ferromagnetic b.c.c. iron may suppress
the onset of superconductivity and that its transformation to h.c.p.
iron is caused by either quasi-hydrostatic pressure or by increasing
the pressure as much as possible. We conclude that the super-
conducting phase of iron appears after the establishment of the non-
magnetic state at 15 GPa, which is close to the beginning of the
b.c.c.-to-h.c.p. structural transition of iron. M

Received 29 January; accepted 25 May 2001.

1. Cort, G., Taylor, R. D. & Willis, J. O. Search for magnetism in hcp e-Fe. J. Appl. Phys. 53, 2064±2065

(1982).

2. Taylor, R., Pasternak, M. & Jeanloz, R. Hysteresis in the high pressure transformation of bcc- to hcp-

iron. J. Appl. Phys. 69, 6126±6128 (1991).

3. Wohlfarth, E. P. The possibility that e-Fe is a low temperature superconductor. Phys. Lett. A 75, 141±

143 (1979).

4. Freeman, A. J., Continenza, A., Massida, S. & Grossman, J. C. Structural and electronic properties and

possible superconductivity in simple cubic Fe. Physica C 166, 317±322 (1990).

Acknowledgements

We thank T. C. Kobayashi for stimulating discussion. This work has been supported by a
Grant-in-Aid for COE (Center of Excellence) Research and Scienti®c Research from the
Ministry of Education, Culture, Sports, Science and Technology in Japan, and also by Core
Research for Evolution Science and Technology of the Japan Science and Technology
Corporation.

Correspondence and requests for materials should be addressed to K.S.
(e-mail: kshimizu@mp.es.osaka-u.ac.jp).

Figure 4 Superconducting phase diagram of iron. The transition temperature, Tc, is

de®ned by the onset of the transition. The dashed curve is a guide for the eye. Tc values

shown by black circles and squares (runs 1 and 2) are obtained from electrical resistance

measurements with sodium chloride as a pressure medium. Run 3 (white circle) is a run

without a pressure medium while releasing the pressure from 90 GPa. Run 4 (white

triangle) shows the onset of the Meissner signal in the magnetization measurement. Tc

appears at around 15 GPa and increases with pressure. Tc reaches the maximum value of

2 K at around 21 GPa and vanishes above 30 GPa.
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The function of DNA during oxidative stress1 and its suitability as
a potential building block for molecular devices2±4 depend on
long-distance transfer of electrons and holes through the mol-
ecule, yet many con¯icting measurements of the ef®ciency of this
process have been reported5,6. It is accepted that charges are
transported over long distances through a multistep hopping
reaction7±11; this `G-hopping'8 involves positive charges moving
between guanines (Gs), the DNA bases with the lowest ionization
potential. But the mechanism fails to explain the persistence of
ef®cient charge transfer when the guanine sites are distant7,12,
where transfer rates do not, as expected, decrease rapidly with
transfer distance. Here we show experimentally that the rate of
charge transfer between two guanine bases decreases with increas-
ing separation only if the guanines are separated by no more than
three base pairs; if more bridging base pairs are present, the
transfer rates exhibit only a weak distance dependence. We
attribute this distinct change in the distance dependence of the
rate of charge transfer through DNA to a shift from coherent
superexchange charge transfer (tunnelling) at short distances to a
process mediated by thermally induced hopping of charges
between adenine bases (A-hopping) at long distances. Our results
con®rm theoretical predictions of this behaviour13±17, emphasiz-
ing that seemingly contradictory observations of a strong8,9 as well
as a weak7,12 in¯uence of distance on DNA charge transfer are
readily explained by a change in the transfer mechanism.

We have measured the ef®ciency of the charge transfer between
Gs, separated by adenine-thymine (A×T)n bridges of various lengths,
in double strands 1a±h (Fig. 1). Photolysis of the 49-acylated
nucleotide in DNA 1 generates the sugar radical cation in 2
(Fig. 1), which injects a positive charge into G22 of the complemen-
tary, radiolabelled strand (2!3; Fig. 1). This guanine radical cation
G×+

22 is either trapped irreversibly by water, yielding after piperidine
treatment the strand cleavage product PG, or it induces an electron
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