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Zebralike Patterned Organic Conductor with Periodic Modulation
of Mobility and Peierls Transition
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We manipulated the defect concentration in a �fluoranthene�2PF6 crystal by proton irradiation through a
periodic grid, resulting in a striped defect pattern. Spatially resolved pulsed X-band ESR analysis was
used to quantify the resulting local defect concentrations, spin diffusion coefficients, and electron spin
concentrations. The temperature dependence of the data proves that spin diffusion coefficient and Peierls
transition can be tailored in a controlled way via the defect concentrations.
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FIG. 1 (color online). Optical photography of the irradiated
�FA�2PF6 single crystal. The solid lines are guides to the eye
[17].
Since the early investigations of charge density wave
(CDW) fluctuations and the Peierls transition in quasi-one-
dimensional (1D) conductors, the influence of defects has
been a matter of concern [1–3]. Full quantum mechanical
calculations described also the structural changes in finite
Peierls systems quantitatively [4]. Organic conductors
based on one-dimensionally stacked radical cations of
aromatic pure hydrocarbons (arenes) are highly anisotropic
conductors, with conductivity anisotropy reaching 104:1.
Their Peierls transition temperatures, in the range up to
200 K, results from 3D Coulomb interaction of phonon
coupled 1D CDW fluctuations, with a prominent role
played by the complex anions, like PF6

� [5]. Radical-
cation salts like �fluoranthene�2PF6 [�FA�2PF6] open thus
the possibility to modify the conduction electron mobility
(or the spin diffusion coefficient D) and the Peierls tran-
sition temperature TP by the introduction of defects via
their structural sensitivity to radiation [6,7]: 1% of defects
reduces Dk by about a factor of 50 [8], and TP by about
50 K [9]. Unfortunately, the transport properties of
�FA�2PF6 are notoriously sample and ‘‘aging’’ dependent.
To enable critical investigation of these properties, it is
imperative to study the effects of defect concentration all in
one and the same crystal simultaneously, for example, by
spatially modulating the defect concentration. We describe
here the first successful temperature dependent experiment
which verifies directly the spatial modulation ofDk and TP,
resulting from radiation modulation, in a single crystal of
the organic conductor �FA�2PF6.

The fascinating electron spin dynamics of the quasi-1D
organic conductor �FA�2PF6 is dominated by a highly
anisotropic diffusion tensor of the conduction electrons,
due to the crystal structure [10], as well as by the Peierls
transition from the metallic to a semiconducting Peierls
phase (TP � 186 K). Pulsed conduction electron spin reso-
nance is possible, because the spin-orbit coupling of the
charge carriers is weak and therefore the ESR lines are
narrow. ‘‘Pure’’ as-grown crystals exhibit regions where
free diffusion of the conduction electron spin is possible
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from one end of the crystal to the other [11]. Paramagnetic
defects contribute to the ESR signal and affect drastically
the spin dynamic properties.

The electron spin susceptibility and thus TP and the
mobility (diffusion coefficient D) both can be determined
by magnetic resonance techniques [12–14]. An especially
clear-cut way to demonstrate the ability to tailor mobility
and Peierls transition arbitrarily is to prepare a sample with
alternating zones of low and high concentrations of defects
along the conduction direction of one selected crystal.
With such a sample, the variation of the investigated prop-
erties should be spatially resolved using 1D magnetic
resonance imaging techniques [15,16].

A high-quality crystal (defect concentration x � 0:05%)
of this radical-cation salt of 1.5 mm length has been
irradiated with energetic protons (EP � 25 MeV) via a
grid resulting in a striped pattern (Fig. 1). Stripes of a
thickness of 100 �m are alternately irradiated or screened
from irradiation as described in [17]. To analyze the dy-
namic properties of the electron spins in this Peierls sys-
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tem, pulsed X-band ESR measurements were performed.
In order to obtain a spatially resolved signal as well as to
extract the electron spin diffusion coefficient, a magnetic
field gradient (G � 0:73 T=m) parallel to the static mag-
netic field (B0 � 0:35 T) was applied. Thus, the local
Larmor frequency, dependent on the z position, is given as

!�z� � �B0 � �Gz: (1)

We used a Hahn spin echo ( �2 � �� �) sequence with
a �

2 pulse length of 12 ns and a detection bandwidth of
200 MHz. According to Eq. (1), and using the concept of
reciprocal space vector ~k � 1

2��
~Gt [15,16], an inverse 1D

Fourier transformation of the time-domain echo signal
results in a frequency-domain signal; hence a spatial reso-
lution in the z direction is achieved:

M �z; 2�� �
Z
S�k�e�i2�kzdk: (2)

The echo attenuation in the presence of a magnetic field
gradient is affected by relaxation and spin diffusion. The
contribution of an individual z slice of Eq. (2) can be
parametrized for short � values by
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assuming there is a fraction ‘‘a’’ of localized spins as well
as a fraction ‘‘1� a’’ of delocalized free diffusing electron
spins with transverse relaxation times T2;loc and T2;del,
respectively.

Fitting the data in the range 0:2 	 � 	 10 �s with
Eq. (3) allows extrapolation of the ESR signal to pulse
separation time � � 0, corresponding with the ESR sus-
ceptibility and not affected by relaxation or diffusion phe-
nomena. The extrapolated signal is shown in Fig. 2 for
FIG. 2. The ESR susceptibility of irradiated �FA�2PF6 at T �
250 K. The total crystal length of 1.5 mm is represented by 62
slice data points. Only the combined influence of irradiation and
aging changed the magnetic moment density. See text for further
details.
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measurements at T � 250 K. The spin density projected
onto the z axis reflects the total crystal length of 1.5 mm in
62 data points. Almost no effect on the magnetic moment
density was observed immediately after irradiation (circu-
lar points). However, some 30 months later we observed
the strongly modulated spin density shown by the black
squares symbols. The aging effect is caused by increased
defect concentration, as we show below. That a crystal of
reasonable condition survived after this long time at all
demonstrates the excellent crystal quality. The temperature
dependence of the susceptibility is caused by the rivalry of
two contributing spin systems, namely, the defect spins
which follow a Curie-Weiss law and the conduction elec-
trons, with or without Peierls transition. Thus, the ESR
susceptibility at any given z position can be expressed as

�ESR � �Curie � �ce: (4)

Allowing for the Peierls transition at TP, above TP the Lee-
Rice-Anderson (LRA) model characterizes the CDW fluc-
tuations preceding the transition [1], whereas below TP the
conduction electron susceptibility is dominated by an
opening energy gap which can be parametrized for
�FA�2PF6 with sufficient accuracy by a model of thermally
activated paramagnetism [18]:

�ESR �

(
C

T�# � �LRA�T�; T 
 TP;
C

T�# � �LRA�TP�
TP
T exp�%EkB �

1
TP

� 1
T��; T 	 TP:

(5)

The low-temperature expression is written in the form
ensuring the continuous variation of �ESR�T� at TP. The
relative temperature dependence of �LRA was parametrized
adapting the mean-field temperature value of TMF �
400 K. The effective energy gap describing �ESR�T� for
T < TP was determined to be %E � 1000 K, but should
not be mixed up with the actual low-temperature energy
gap. The Curie-Weiss temperature amounts to # � 1:5 K,
which is within the error bar of the temperature T. Quite
nicely, the irradiation pattern with its known 100 �m grid
can be recognized in the spatially resolved modulated ESR
signal. According to Eq. (5), the drastic influence of the
temperature effects a complete contrast inversion of the
ESR susceptibility as shown in Fig. 3. Fitting the tempera-
ture behavior of each data point with Eq. (5) and scaling
the amount of the Pauli susceptibility included in the LRA
model to the known limiting value of �Pauli � 132:5�
10�6 emu

mol [18] makes it possible to determine the absolute
Curie constant

C �
N�2 'h2S�S� 1�

3kB
(6)

and therewith the spatial distribution of the defect concen-
tration of localized electron spins with S � 1

2 and gyro-
magnetic ratio �. While the averaged defect concentration
increased by the irradiation immediately from 0.05% to
1%, the 30 months of aging after the irradiating effected
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FIG. 5. Electron spin diffusion is effectively reduced by de-
fects. The spatially varying, as well as the time dependent in-
creasing defect concentration, reduces the diffusion coefficient.

FIG. 3. The ESR signal reflecting the 100 �m grid. Changing
the dominating spin system (being either Curie defects or
conduction electrons, according to the relevant temperature)
causes contrast inversion. Irradiated areas exhibit a strong ESR
signal in the low-temperature range.
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another increased up to averaged 2%. The spatial distribu-
tion of these defects is plotted in Fig. 4, the irradiated areas
exhibiting a threefold defect concentration compared to the
nonirradiated regions. Figure 4 proves that, indeed, we
succeeded in preparing a sample which allows us to study
the consequences of varying defect concentration by up to
a factor of 3 simultaneously on one individual single
crystal. It is important to note that the irradiation induced
intrastack localized defects are arene radical cations with
even longer spin lattice relaxation time than the delocal-
ized electrons, but with the familiar g tensor of �FA��

2 .
Thus, in contrast to most earlier defect studies [2,3], these
defects do not increase spin-orbit scattering of the conduc-
tion electrons.

Because of the special crystal structure of �FA�2PF6, the
electron spin diffusion exhibits a strong anisotropy of Dk

D?
>

3600 [9], a ratio which is reduced by the proton irradiation
to below 100 [8]. Figure 5, in combination with Fig. 4,
shows the crucial influence of the defects on Dk. The
increase of defect concentration immediately after irradi-
FIG. 4. The irradiated areas exhibit a threefold Curie-defect
concentration [calculated from Curie constant and Pauli para-
magnetism, Eqs. (5) and (6)].
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ating and further during the later aging process constricted
the mobility. Even for the 30 month aged crystal the
difference between damaged and undamaged regions is
about a factor of 4. This loss of diffusivity is caused by
the necessity for the spins to change the conducting stack
in order to circumvent the defect. The behavior of D as
presented here is in full qualitative agreement with expec-
tations based on the result presented in Fig. 4.

The temperature dependence of the normalized ESR
susceptibility of individual slices of the crystal is shown
in Fig. 6. The Peierls transition can clearly be observed in
the curves with circular symbols, representing five differ-
ent nonirradiated regions. A fit according to Eq. (5) is
plotted as a solid, thick line in the same diagram. In
contrast, there are five examples of slices from irradiated
areas (square black symbols) where a constant ESR sus-
ceptibility across TP of the nonirradiated areas was found.

The results presented in Fig. 6 complete our case. We
demonstrated that 1D magnetic resonance imaging can be
FIG. 6. Comparing the experimental ESR susceptibility be-
tween irradiated (five exemplary slices) and nonirradiated (five
exemplary slices) areas shows the suppression of the Peierls
transition by high defect concentration. The solid line shows a
typical result of fitting one particular nonirradiated slice with
Eq. (5).
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performed for temperatures varying between 250 and
6.5 K. Paramagnetic susceptibility, relaxation times, and
the electron spin diffusion coefficient can thus be spatially
resolved along the conduction direction in the quasi-one-
dimensional organic conductor �FA�2PF6. By high energy
proton irradiation, here for simplicity through an appropri-
ately structured grid, a spatially modulated concentration
of paramagnetic defects could be introduced in one and the
same crystal, and the influence of long-time aging could be
monitored as well. In the metallic phase, the tailored
spatial modulation of the mobility (diffusion coefficient
Dk) of the conduction electrons could be shown. Further-
more, combining the experimental defect concentration
data of Fig. 4 with the experimental temperature depen-
dence of the electron spin density shown in Fig. 6, we could
verify that the Peierls transition is suppressed in the slices
containing a high concentration of defects while remaining
around TP � 185 K for nonirradiated regions in the very
same crystal. This opens access to arbitrary tailoring and
experimental verification of spatially varying conduction
electron mobilities and metal-semiconductor transitions in
organic conductors.
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