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RETRACTION
Our Report “Ultrahigh magnetoresistance at room temperature in molecular wires” (1) 
presents measurements on one-dimensional molecular chains confined inside the nano-
channels of zeolite L crystals. In these measurements we observed signals that were 
interpreted as an exceptionally large (~1000%) response of the conductance through the 
molecular chains to an external magnetic field of a few millitesla. The explanation of the 
results was based on a room-temperature Pauli spin blockade effect, intrinsic to the hop-
ping transport through the molecules. The observed magnetic field scale of a few millitesla 
could be explained by the typical magnitude of the random nuclear magnetic field in the 
molecular environment. The shape of the conductance versus magnetic field dependence 
was found to be in close agreement with similar curves observed in bulk organic semicon-
ductors, in which the effect is referred to as “organic magnetoresistance” or “OMAR.” The 
exceptionally large effect in our case was ascribed to the one-dimensional nature of elec-
tron transport along the molecular chains.

In follow-up research by some of the co-authors, suspicion arose with regard to data 
collected by the first author Rabindra N. Mahato, which led to a thorough investigation by 
the co-authors. This investigation has revealed inappropriate data handling by Dr. Mahato, 
such that the experimental results are not accurately represented in the paper. This makes 
it, in our eyes, impossible to solidly underpin the conclusions made in the report. All co-
authors have therefore concluded that the paper should be immediately retracted. Dr. 
Mahato has agreed to this Retraction.
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patterns decay back to the static seven-droplet
pattern within a fraction of a second.

Dynamic patterns rely critically on low friction
and energy dissipation (movie S12). The geometry
of the dynamic patterns cannot be described in
terms of energy minimization (Eq. 2), because
they are far from the energy minimum. Instead,
the patterns are better described and rationalized
as dynamic states wherein the droplet number is
kinetically trapped [as in the static patterns (Fig.
2C)]. Patterns can be classified into those that al-
ternate (Fig. 4E) or do not alternate (Fig. 4D) during
the cycled energy feed. Alternation is caused by
different mobilities of the droplets: Elongated ones
are more mobile because of the higher ratio be-
tween the driving and dissipative forces.

Dynamic self-assembly can be used as a
switch between droplet patterns with different
numbers of droplets. In contrast to the division
instability, dynamic self-assembly decreases the
number of droplets. This allows the irrevers-
ibility of the droplet formation in static self-
assembly (Fig. 2C) to be overcome. For example,
driving any static pattern to the mode V dynamic
pattern (single elongated droplet) and decreas-
ing the magnetic field while oscillating the mag-
net allows recovery of the original one-droplet
state (movie S13). This is the final unit opera-
tion required to realize a complete cycle from a
single liquid droplet to complicated static and
dynamic patterns and, finally, back to the start-
ing state (fig. S10).

Externally driven magnetic droplets on super-
hydrophobic surfaces form a versatile model
system for studying and visualizing complicated
phenomena in self-assembly. We used this model

to demonstrate switching between static and dy-
namic self-assembly and to show the usefulness
of kinetic trapping that most often is viewed only
as a hindrance for assembly. The most diverse
patterns were found to occur near the boundary
where static patterns switch to dynamic ones. The
transition is complex, and its detailed investigations
will pave the way toward a better understanding
of the onset of dynamic dissipative self-assembly.
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Ultrahigh Magnetoresistance at Room
Temperature in Molecular Wires
R. N. Mahato,1 H. Lülf,2 M. H. Siekman,1,3 S. P. Kersten,4 P. A. Bobbert,4 M. P. de Jong,1

L. De Cola,2,5 W. G. van der Wiel1*

Systems featuring large magnetoresistance (MR) at room temperature and in small magnetic fields are
attractive owing to their potential for applications in magnetic field sensing and data storage.
Usually, the magnetic properties of materials are exploited to achieve large MR effects. Here, we report
on an exceptionally large (>2000%), room-temperature, small-field (a few millitesla) MR effect in
one-dimensional, nonmagnetic systems formed by molecular wires embedded in a zeolite host crystal.
This ultrahigh MR effect is ascribed to spin blockade in one-dimensional electron transport. Its generic
nature offers very good perspectives to exploit the effect in a wide range of low-dimensional systems.

In spintronic devices, the electron’s spin is
exploited for information processing. Typ-
ically, these devices contain layered structures

with an electrical resistance that is dependent on
the relative orientation of the magnetization of
their magnetic layers; thus, the resistance can be
altered by an external magnetic field, a phenom-
enon called magnetoresistance (MR). Examples
include giant magnetoresistance (GMR) devices
(1, 2), which are multilayer stacks of ferromag-

netic materials separated by a nonmagnetic metal
spacer layer, and tunnel magnetoresistance (TMR)
devices (3, 4), which have a tunnel barrier as the
spacer. Here, we explore entirely different physics
in a nonmagnetic system, relying on a mecha-
nism akin to spin blockade in quantum devices.

The Pauli principle precludes that an electron
can tunnel into a state already occupied by an-
other electron with the same spin. This spin
blockade for two electrons starting from a spin-

triplet configuration was first observed in quan-
tum dots (QDs) at cryogenic temperatures (5).
Spin blockade can be lifted by spin relaxation,
mixing in singlet character. It has been shown
that hyperfine interaction can lift spin blockade
in QDs (6). The importance of hyperfine inter-
action on spin dynamics has also been recognized
in the context of an intrinsic, room-temperature
MR effect in organic semiconductors (7, 8). Car-
rier transport is influenced by spin-dependent
reactions, which are subject to the competition
between an external magnetic field B and the
random hyperfine fields Bhf (~1 mT) of the nu-
clei. At smallB (Fig. 1A), hyperfine interactions
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mix in singlet character, hence lifting the block-
ade. However, at larger B, Bhf is overshadowed,
so that spin blockade cannot be lifted (Fig. 1B).
Unlike in QDs, spin blockade in organic mol-
ecules can occur at room temperature because of
the much stronger wave function confinement,
leading to a much larger energy spacing between
the lowest singlet and triplet states.

In organic semiconductors exhibiting three-
dimensional (3D) hopping conduction, the MR
is rather small. It has been predicted, however,
that confinement of the current path in molec-
ular systems could lead to a strong increase of
the MR (9). Here, we realize such a system ex-
perimentally. Our system (Fig. 2) consists of
strictly 1D wires, formed by subliming organic dye
molecules, DXP (N,N′-bis(2,6-dimethylphenyl)-
perylene-3,4,9,10-tetracarboxylic diimide), into
the channels of zeolite L crystals in the presence
of potassium as counterion of its alumina sites
(10). Zeolite L is a well-known, electrically insu-
lating aluminosilicate crystalline system (11),
which consists of many thousands of separated
channels with a maximum diameter of 1.26 nm,
running through the whole crystal and oriented
perfectly parallel to the cylinder c axis. The geo-
metrical constraints of the zeolite host structure
allow for the formation of 1D chains of highly
uniaxially oriented, closely spaced molecules. The
2.2-nm-long DXP molecules only fit into a chan-
nel in their length direction. Although DXP’s
rigid van der Waals width is ~0.76 nm, DXP can
be inserted into the 0.71-nm channel opening
above ~175°C (12). We used relatively small size
zeolites (30- to 100-nm height; 200- to 500-nm
diameter), enabling an 86% DXP loading degree
(10). At these high filling ratios, (hopping) elec-
tron transport along molecular wires can be read-
ily observed in our conducting-probe atomic force
microscopy (CP-AFM) experiments, making this
system suitable for 1D transport measurements.
DXP-loaded zeolites have been applied before
as artificial photonic antenna systems (11), where
energy transfer occurs due to near-field interac-
tion. A number of studies report on the electrical
conductivity of zeolites loaded with metal atoms
(13, 14) or conductive polymers (15, 16), as well
as on the effect of inserting different charge-
balancing cations (17–19). However, most of this
work focuses on bulk systems of a large num-
ber of randomly oriented zeolites, with the excep-
tion of (20).

Magnetotransport measurements were car-
ried out on DXP-loaded zeolites on top of an
ITO|PEDOT:PSS [indium tin oxide|poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)]
substrate at room temperature in an ultrahigh vac-
uum CP-AFM with a PtSi tip. We estimate that
~102 channels contribute in parallel to electron
transport (10). The measurements were obtained
from zeolites with heights of 30, 45, 60, 80, and
90 nm. For every height, the results were
reproduced for at least two different zeolites. The
current (I )–voltage (V ) characteristics in Fig. 3
are almost symmetric in voltage, in accordance

Fig. 1. Magnetic field dependence of spin blockade. Shaded (unshaded) arrows indicate an initial
(final) spin configuration at neighboring sites before (after) spin precession. (A) For B << Bhf, spin
blockade can be lifted due to spin mixing induced by hyperfine interaction. (B) If B >> Bhf, spin mixing is
suppressed and spin blockade can occur.

Fig. 2. Measurement setup and sample structure. The CP-AFM measures the conduction of the mol-
ecules (red ellipsoids) aligned in zeolites on ITO|PEDOT:PSS. (Left) Zeolite channel with a DXP molecule
inside. (Upper right) Scanning electron micrograph of zeolites.

Fig. 3. Electrical characterization of DXP-loaded zeolites. Room-temperature I-V characteristics for
different channel length. (Upper left inset) Same data on log-log scale. The straight dashed line
indicates a linear dependence. (Lower right inset) Resistance R = V/I versus channel length.
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with the similarity of the work functions of the
two contacts. The I-V characteristics are typical
for energetically disordered systems with hop-
ping transport. The upper left inset displays the
same data on a logarithmic I scale, showing a
transition from a linear behavior (indicated by the
dashed line) at low voltage to a superlinear power-
lawbehavior at high voltage. The resistance,R=V/I,
as a function of channel length for different volt-
ages, is given in the lower right inset. The increase
of the resistance with length changes from expo-
nential at low voltage to linear at higher voltages.
As the resistance is dependent on channel length,
the conductivity is limited by the molecular wires
rather than by the contacts. The symmetric I-V
curves and absence of an injection barrier indicate
unipolar transport. Both PEDOT:PSS and PtSi
have work functions around –5 eV (21, 22),
roughly in the middle between the energies of
the highest occupied and lowest unoccupied
molecular orbital (HOMO and LUMO) of DXP
(–6.0 and –3.9 eV, respectively) (23). This seems
to be at odds with the absence of an injection
barrier. However, the mobile potassium ions in
the channels could substantially change the in-
jection barrier by creating dipole layers at the
zeolite surface, lowering the barrier for electron
injection. This would be consistent with electron

transport (see below), but our considerations
would be equally valid for hole transport. The
linear regime in the I-V curves points at the
presence of free charges, and hence free spins, in
the channels already at low voltage. These should
result fromdiffusion from the contacts (PEDOT:PSS
layer and PtSi tip) into the interior of the zeolite,
yielding an exponentially decaying charge con-
centration profile compatible with the observed
exponential dependence of the resistance on chan-
nel length at low voltage. We confirmed that emp-
ty zeolites do not show any detectable current up
to 9V. Likewise, CP-AFMmeasurements on ITO|
PEDOT:PSS substrates give linear I-Vs with neg-
ligible resistance (10).

Figure 4A shows the current-voltage charac-
teristic for a 60-nm channel length at zero mag-
netic field and at 14mTperpendicular to thewires,
plotting |I| on a logarithmic scale. Despite the
small magnetic field, a very strong current sup-
pression is observed at 14 mT, especially at lower
voltage. To study the magnetic field dependence
of the current through the molecular wires in
more detail, we define the magnetoconductance
(MC) as

MCðBÞ ≡ IðBÞ − Ið0Þ
Ið0Þ ð1Þ

where I(B) is the current at magnetic field B,
and I(0) the current at zero magnetic field, yield-
ing a maximum possible negativeMC of –100%.
Figure 4B shows MC(B) at different bias volt-
ages for a 60-nm wire length. We observe a very
large, negative MC, monotonically increasing
with decreasing voltage. Similar behavior was ob-
served for other wire lengths (10).

The MC(B) curves can be fitted well with
the empirical line shape

MCðBÞº B2

ðB0 þ jBjÞ2 ð2Þ

applied before in the context of organic mag-
netoresistance (OMAR) (7). It has a characteristic
width B0, related to the magnitude of the hy-
perfine fields. The fitted B0 values (fig. S2) vary
between 2 and 6 mT, comparable to values ob-
tained for OMAR (7), and show almost no volt-
age dependence. The mT field scale agrees well
with the typical hyperfine coupling in p-conjugated
molecules, clearly pointing at a molecular origin.
The very large room-temperature MC approaching
the maximum possible value of –100% is notable.

The voltage dependence is more clearly rep-
resented if we convert MC to the more common
MR, defined by

Fig. 4. Room-temperature MR. (A) I-V characteristics of DXP-loaded zeolite
with 60-nm channel length at B = 0 and 14 mT. (B) Magnetoconductance MC(B)
at different bias voltages for 60-nm channel length. The red curves are fits to Eq. 2.
(C) Maximummagnetoresistance MRmax = [R(Bmax) – R(0)]/R(0), as a function of V for

different channel lengths. (D) Comparison between MC in a ~40-nm DXP film
measured by a 250-mm-diameter Pt wire (blue circles), the same film measured
by a CP-AFM PtSi tip (blue squares), and 60-nm-long 1D DXP wires measured
by a PtSi CP-AFM tip (red diamonds).

www.sciencemag.org SCIENCE VOL 341 19 JULY 2013 259

REPORTSRetracted 9 October 2015; see first page.



MRðBÞ ≡ RðBÞ − Rð0Þ
Rð0Þ ¼ Ið0Þ − IðBÞ

IðBÞ ð3Þ

where R(B) is the resistance at magnetic field
B and R(0) the resistance at zero field. We have
derived MRmax(V ) from the I-Vs for different
channel lengths at zero magnetic field and max-
imum magnetic field, Bmax, according to MRmax(V) =
[I(V,0) – I(V,Bmax)]/I(V,Bmax), (Fig. 4C). The MR
increases rapidly with decreasing voltage, reach-
ing a maximum value of more than 2000% for
60-nm wire length when approaching 0 V. Be-
cause the current levels are below the noise limit
close to 0 V, we have not been able to determine
MRmax here.

The MR values in our molecular wires com-
pare favorably with values reported for other
systems under similar conditions. The highest
room-temperature TMR value reported to date
is 600% for an epitaxial CoFeB/MgO/CoFeB
magnetic tunnel junction (24). Collosal mag-
netoresistance (CMR) manganites exhibit very
large low-temperature MR at several tesla (25);
however, room-temperature, low-field MR val-
ues are a few tens of percents (26, 27). For nano-
composites containing magnetic nanoparticles,
MR values similar to those in CMR experiments
have been demonstrated under comparable exper-
imental conditions (28). A large room-temperature
MR effect of a few tens of percents was also re-
ported for a graphene nanoribbon field-effect
transistor (29).

We ascribe our very large MR values to the
unique 1D character of our system. Indeed, non-
structured DXP thin films show much lower
MR values (Fig. 4D). When a ~40-nm DXP film
is contacted with a PtSi CP-AFM tip in the
same setup, we measure a maximum MC of
around –20%.With a Pt wire of 250-mmdiameter
instead of the PtSi tip, the maximum MC is
reduced to about –5%. These results strongly
suggest that confinement of the current path is
crucial for explaining our results, in line with
recent numerical studies (9). Explanations based
on spin-dependent interactions involving excited
states (30, 31) can be ruled out, because the MR
is also present—and even more pronounced—
below the DXP HOMO-LUMO gap (~2 eV).
The fact that for DXP the energy required to form
doubly negatively charged states is remarkably
small [~0.2 eV from cyclic voltammetry mea-
surements (23)] suggests that such states are
involved in transport. We therefore propose that
the current is carried by electrons and that spin
blockade is caused by two electrons residing on
neighboringmolecules attempting to form a doubly
negatively charged molecule in a spin-singlet con-
figuration by hopping of one of the electrons. The
energetic disorder generally present in organic
systems facilitates formation of doubly charged
molecules at favorable locations. Moreover, the
presence of a positively charged potassium ion close
to a DXP molecule strongly reduces its LUMO
level, also facilitating double charging. Simula-

tions show that with these ingredients, MC values
close to –100% indeed can be obtained with MC
(B) curves having the line shape of Eq. 2 (10).
Further analysis should provide more insight
into the details of the mechanism behind the ef-
fect, but the present experimental results clearly
point at spin blockade tuned by a competition
between the external magnetic field and the ran-
dom internal hyperfine field.
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Isotope Ratios of H, C, and O in CO2
and H2O of the Martian Atmosphere
Chris R. Webster,1* Paul R. Mahaffy,2 Gregory J. Flesch,1 Paul B. Niles,6 John H. Jones,7

Laurie A. Leshin,3 Sushil K. Atreya,4 Jennifer C. Stern,2 Lance E. Christensen,1 Tobias Owen,5

Heather Franz,2 Robert O. Pepin,8 Andrew Steele,9 the MSL Science Team†

Stable isotope ratios of H, C, and O are powerful indicators of a wide variety of planetary geophysical
processes, and for Mars they reveal the record of loss of its atmosphere and subsequent interactions
with its surface such as carbonate formation. We report in situ measurements of the isotopic ratios
of D/H and 18O/16O in water and 13C/12C, 18O/16O, 17O/16O, and 13C18O/12C16O in carbon dioxide, made
in the martian atmosphere at Gale Crater from the Curiosity rover using the Sample Analysis at
Mars (SAM)’s tunable laser spectrometer (TLS). Comparison between our measurements in the modern
atmosphere and those of martian meteorites such as ALH 84001 implies that the martian reservoirs
of CO2 and H2O were largely established ~4 billion years ago, but that atmospheric loss or surface
interaction may be still ongoing.

The Sample Analysis at Mars (SAM) suite
(1) on the Curiosity rover that landed in
August 2012 is conducting a search for

organic compounds and volatiles in rocks and
soils and characterizing the chemical and isotopic
composition of the modern atmosphere. Atmo-
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