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Abstract

Static gradient electron spin echo projection reconstruction imaging is favourable for X-band material science applications requiring
temperature variation with a metal cryostat. To prevent imaging artefacts due to the high conduction electron diffusion coefficient in the
preferred conduction direction of quasi-one-dimensional conductors, only pulsed gradient phase encoding for that direction can be tol-
erated. We present results of an appropriate cylindrical imaging scheme combining both methods. Conduction electron spin density
images with 13x13x 17 pm® volume element size or spin—lattice relaxation time images with inversion recovery sequence and

13 x 13 x 68 pm® volume element size are presented for fluoranthene radical cation salt single crystals of typical sizes of 0.4 X 0.4 x 1 mm®.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

One-dimensional organic metals like fluoranthene (FA)
radical cation salts (e.g., (FA),PFg) can be grown by elec-
trochemical techniques [1] and analysed by pulsed ESR
techniques [2]. However, their single crystals tend to exhibit
growth sectors [3], or even holes in the center [4], and
defects—statistically distributed or arbitrarily introduced
by irradiation—can modify their physical properties drasti-
cally and spatially non-uniformly [4-6]. Thus an easy to
apply ESR imaging technique, copying the advantages of
NMR microscopy [7], is of particular interest. Three-di-
mensional pulsed ESR Fourier imaging has been applied
to (FA),PFg in the radio frequency range using the fringe
field of a superconducting magnet [8]. However, to improve
signal to noise ratio by increased measuring frequency,
the use of an electromagnet is required, furthermore met-
al cryostats are essential for temperature variation.
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Both allowing for eddy currents it turned out to be
advantageous to abstain from pulsed gradients. Hence,
spin echo detection in rotated static magnetic field gradi-
ents and the filtered back projection technique was easier
to handle in two-dimensional pulsed ESR imaging [9].
Unfortunately, the “simple” extension to the three-dimen-
sional version of filtered back projection imaging with
static magnetic field gradient [10] is prohibited in quasi-
one-dimensional conductors, because the conduction
electron spin motion in the preferred direction (with 10%1
anisotropy of the diffusion coefficient) tends to give rise
to imaging artefacts [11].

Therefore we tested and describe below a 3d pulsed
X-band ESR imaging version that adopts a static magnetic
field gradient rotated only in the plane perpendicular to the
highly conducting direction of the organic conductor, and
a pulsed gradient for phase encoding in the third direction
[12]. Our report is organized as follows: in Section 2 we
describe the principles of 3d cylindrical conduction electron
spin imaging, the technical realization adopted here
and the characteristics of the samples used for the test
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experiments. In Section 3, we discuss the results on 3d spin
density distribution and variation of the spin—lattice relax-
ation time achieved here for (FA),PFg single crystals. Our
general results are emphasized in Section 4.

2. Experimental details
2.1. Principle of cylindrical imaging

For an introduction to magnetic resonance imaging we
refer to standard textbooks [7,10]. The speciality of our
approach is the cylindrical imaging frame. The principles
of scanning k space [13]

1

(with y is the gyromagnetic ratio, G is the applied magnetic
field gradient, and time ¢) in cylindrical coordinates can be
explained based on Fig. 1. The method is a combination of
2d projection reconstruction and 2d Fourier imaging [7]. It
uses a static x—z reading gradient rotated in the x—z plane
and a pulsed y-gradient, in the direction of the rotation
axis, defining a plane in & space. The static homogeneous
magnetic field B, is applied along the z axis. The signal
S(#) = S(p, ¢, ) is obtained as

o= [ [ sns

x exp[—i2n(k,p + k,y)]k, dk, dk, d¢ (2)

with |k,| = /k> 4+ k2 and p = zcos ¢ + xsin ¢.
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Fig. 1. Probing k space in cylindrical imaging. (A) Static gradients G, and G. define the orientation of planes scanned with pulsed G, gradients, used for 2d
Fourier imaging. These planes are rotated around the y-direction, allowing 3d imaging by filtered projection reconstruction. (B) Pulse scheme for
cylindrical imaging: n/2—t—n microwave pulse sequence, static gradient in x—z plane, by strength and duration of the G, pulsed gradient the k,-plane is

encoded. Echo signal detection, with echo center defining k = 0.
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We neglect for simplicity of the presentation, that relax-
ation and diffusion in presence of magnetic field gradients
actually result in [14]

2t 2
S(#,27) = S(#,0) - exp (—T—T - gDy2G213>. (3)
2

We showed before that spatially varying transversal relax-
ation rates T, ' or spin diffusion coefficients D can be deter-
mined reasonably accurately by analysing the T dependent
signal S(7;, 27) of the individual volume element or pixel 7
[11,6]. The inner integral of Eq. (2) can be understood as a
filtered profile Pj;)(,o7 ¥), like in projection reconstruction. It
presents a 2d Fourier transform of the k, multiplied signal
in planes of fixed angle ¢. In our case of discrete scanning
of the k space, only well defined y values are reconstructed
and thus we obtain

S(x,y,z) = A ZP (x,2,0,),7). (4)

The resolution in y-direction is determined by the strength
and duration of the pulsed gradient G, (Fig. 1B), with the
field of view

1
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y

inversely proportional to the pulsed gradient step width
and the resolution in y-direction of

1
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additionally related to the number N, of y gradient steps
used in the experiment.

For the x—z plane accessed by projection reconstruction,
the Crowther theorem [15] may be used to estimate the
accessible resolution, i.e.,

nd

Ay =—. 7
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Here d is the diameter of the object to be imaged—below
0.5mm for our (FA),PFs crystals—A4,. the resolution,
and N, the number of one-dimensional projections. For
180 projections we estimate a resolution of A,. ~ 10 um.
We present data on a cartesian grid and interpolate only
in the last step in real space. Therefore, in the x—z plane
we could adopt unphysically small size of the volume ele-
ments and need the Crowther theorem as a rule. The field
of view, on the other hand, is well defined by

max 1 \/ETE
P = TR 2 (8)
\/zAkﬂ V(Gx + Gz) 14

with the dwell time 74 and the strength of the gradient as
alternative control parameters. Anisotropy of the g tensor
and conduction electron diffusion may reduce the achiev-
able resolution. To minimize the latter influence, short
values (Fig. 1B) are preferred, requiring short G, gradient
pulses.

This imaging scheme can be combined with the familiar
pulsed magnetic resonance methods delivering—now spa-
tially resolved—T7 or T, relaxation times. As an example,
we show below spatially resolved spin-lattice relaxation
times, 7,(7;), obtained by use of the inversion recovery
sequence, with a © pulse preceding, by varied recovery or
readout times 7, the sequence shown in Fig. 1B (10 differ-
ent values).

2.2. Experimental realization

The pulsed ESR imaging results were obtained with a
Bruker Elexsys ES580 spectrometer at about 9.6 GHz,
using an ER4118X-MDS5 dielectric ring resonator with
5 mm inner diameter of the sample space, installed inside
an ER4118CF continuous flow cryostat, using for the
examples shown below liquid nitrogen as cooling agent.
The pulse length of the m/2 pulse amounted to 12 ns.
1024 data points were typically recorded for each gradi-
ent setting with 7 =3 ps, with a dwell time ¢4 = 10 ns,
using a 16-fold phase cycling, and accumulating up to
1000 scans. Hall regulation of the magnetic field strength
of the electromagnet, cooled via heat exchanger, gave
sufficient long time stability in spite of the extremely nar-
row ESR line width of only about 1.5 uT [2] of the sam-
ples studied. A static gradient of G,= G.=0.56T/m
along the main field direction was produced with two
soft iron wedges on one of the pole caps of the electro-
magnet. Instead of rotating the static gradient around
the y axis in the x—z plane (Fig. 1), the sample was rotat-
ed around the y axis with help of a goniometer for spa-
tially fixed, static G,. The ER218G1 goniometer allows
an accuracy of d¢ = 1/4°. Thus only A¢ = 4° steps were
used below. The pulsed gradient G, was realized with a
pair of “8” shaped 0.1 mm thick copper loops of about
7 mm total extension (each with double turns and con-
nected via twisted leeds), fixed with two component
epoxy resin between two 50 um thick plastic films. After
being bent into cylindrical form they were introduced
into the inner 5mm bore of the cavity more than
5mm apart from the metallic walls of the cavity. The
measured total inductance of coils and leads amounts
to L=1.1 uH.

For one current polarity, e.g., +1,, this arrangement
increases the B. strength for positive y values and reduces
it for negative y values. The static calibration indicated suf-
ficient linearity of B.(y) with G, a’fz = 0.23 - I (where the
gradient is in T/m and I, is in A), useful for —1.4 mm
<y <+1.4 mm. This arrangement is capable of quasi static
currents (200 ps) of 1.6 A and pulsed gradients of 1 T/m
and about 1.5 ps length without breakdown. As usual,
the gradient pulses were produced with a pulse driver based
on the “clipped L-C resonant circuit’” idea [16,8,9]. Maxi-
mum phase encoding values of

1 fp
k=501 | Gl )
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of k,=N, Ak, =29 mm ! were realized for 75V charg-
ing of the capacitors, with N, = 64 steps set manually. In
y-direction, a field of view of 1.1 mm and a resolution of
17 um is thus realized according to Eqgs. (5) and (6). In spite
of the distance of gradient coils to the metallic surrounding
the decay of eddy currents must be awaited. Thus the pulse
separation time T = 500 ns commonly used for this buildup
has to be increased to =3 pus and therewith a loss of
about 50% signal intensity has to be taken. A home-build
software package for 2d image reconstruction written in
C was adapted for the algorithm of cylindrical imaging
introduced in Section 2.1 [9,12]. To correct for a possible
out of rotation axis mounting of the sample, the centers
of gravity of the one-dimensionally projected signals
S(p,¢) and S(p,¢p + ) were centered numerically. Render-
ing of the data was realized by commercial visualization
software.

2.3. Sample characterization

The imaging scheme was tested with samples of the rad-
ical cation salts of fluoranthene (i.e., (FA),PFg), perylene
(i.e., (PE),AsF-2/3 tetrahydrofurane) and naphthalene
(i.e., (NA),PFy). For clarity, we restrict this report to two
examples of (FA),PFg single crystal imaging. We mention,
however, that 7, imaging, or analysis of sample aging by
extended exposure of crystals to air at room temperature
were successfully performed as well [12]. The geometrical
parameters of the two (FA),PFs crystals were A:
0.5%0.5x0.7mm?, B: 0.2 0.2 x 1.25 mm?, with the larg-
est dimension parallel to the highly conducting FA stack-
ing direction. These (FA),PF¢ crystals were grown by
electrocrystallization along the established procedures
[1,17]. We selected hollow crystals with shiny black surfac-
es, preventing thus problems related with the skin depth
(microwave conductivity ¢~ 50 S cm~!, anisotropy o|:
g, >100:1). Due to varying defect concentration in the
range of about 1 Curie-like defect per 1000 formula units,
the conduction electron spin relaxation times 7, and 7T,
(of about 8 ps) and the diffusion coefficient (D) ~ 1 cm?/s)
are spatially non-homogeneous in these samples [4],
whereas orientation of the crystal axes is uniform [3]. Thus
they present valuable model systems for imaging attempts.
(FA),PF¢ crystals have a Peierls-like metal-non-metal
transition at 7, =186 K [3,18]. The conduction electron
spin resonance measurements presented below were there-
fore performed at T=250K > T,, close to the crystal
growth temperature, and thus sufficiently below room tem-
perature for improved sample stability.

3. Discussion of the results

For demonstration of the performance of the cylindrical
imaging scheme, we selected and present two examples: on
the one hand the derivation of a three-dimensional conduc-
tion electron spin density image is demonstrated for sample
A in Section 3.1, on the other hand the distribution of the

Table 1
Parameters used for 3d cylindrical imaging examples discussed in Section 3
Sample A (8(z,x,)) B (Ti(z,x,y))

Volume element

ZXx X y/um? 129x129x17.2  127x12.7x67.7

Field of view

p/mm 4.48 2.50
Zoomed 1.28 (Zoom 3.5x)  0.62 (Zoom 4x)
y/mm 1.09 2.10
n/2; 7 pulse lengths (ns) 16; 32 12; 24
T (us) 3 3
Repetition time (s) 500 500
Inversion recovery T values (us) — 0.1,3.1,...,27.1
Dwell time ¢, (ns) 10 20
Length of data set 1024 512
Phase cycles 16 16
Scans per gradient settings 500 100
G, (T/m) 0.563 0.505
Ny Ag 45; 4° 18; 10°
G,/Iy (T/m A) 0.226 0.257
G (T/m) 1.012 0.494
K (mm™! 29.47 7.60
N, 64 32

conduction electron spin-lattice relaxation time 77 in
another single crystal of the organic conductor (FA),PFg
(sample B) is shown in Section 3.2. For clarity of the dis-
cussion and facilitation of the examination of the experi-
mental conditions, we compile all relevant parameters in
Table 1.

3.1. Spin density imaging

Fig. 2A shows an optical image of the (FA),PFg single
crystal “sample A.” It shows the typical outer habitus of
the surfaces that are oriented parallel to the FA stacking
direction « (long side) [3-5], but this is a hollow crystal with
tubular cavity parallel to @, open at both ends. For the pre-
sentation of the 3d-ESR imaging spin density distribution
results, only 2d paper surfaces are available here. Thus
there is the choice between the visualization of various 2d
sections, as is used for the 7';-images below, or the perspec-
tive presentation of all volume elements with intensities
above a preset level, with varied viewing angle. The latter
version is used for Figs. 2B and C and the accompanying
on-line video clip, allowing to vary the viewing angle.
25% up to the maximum signal strength was selected for
the rendering of these images. We would like to mention
that in this case spin density means actually transverse
magnetization, because both are non-trivially related in a
one-dimensional metal with Pauli-paramagnetism modified
by charge density wave fluctuations announcing the Peierls
transition towards a low-temperature non-metallic state.
The image is additionally slightly 7, weighted due to the
use of a finite pulse separation time t = 3us, although the
T, of (FA),PF¢ is long (75 =~ 8 ps [2,19]).
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Fig. 2. (FA),PFg crystal, sample A. (A) Optical image, with crystallo-
graphic a axis vertical, with length /~ 0.7 mm (B), (C) ESR spin density
image showing all volume elements with 25-100% of maximum intensity,
seen parallel (B) or perpendicular (C) to the y axis (corresponding to the
highly conducting « axis of the crystal). In the on-line version, a video clip
allows inspection of sample A under varied angles of view. For imaging
parameters see Table 1.

Fig. 2 as well as the video prove the high reliability of
the reproduction of angles and length scales by the 3d
cylindrical imaging scheme, as well as the absence of major
imaging artefacts.

3.2. Spin-lattice relaxation imaging

ESR imaging merits only the effort of its introduction to
material science, if, or because, relevant microscopic phys-
ical parameters can be derived quantitatively and visualized
for a graphic interpretation. In one-dimensional organic
conductors, inevitable growth defects of small relative con-
centration of 107> to 107> Curie paramagnetic defects per
formula unit influence the conduction electrons neverthe-
less dramatically, because the anisotropy of their mobility
of at least 10%1 prevents the conduction electron from
escaping an obstacle encountered on its one-dimensional
path. This is reflected in the defect dependence of 75, T},
and D for the conduction electrons in arene radical cation
salts. Unfortunately, even variations of these quantities by
a factor of 2 inside a macroscopic single crystal are difficult
to unravel in integral measurements of the whole
crystal. For the (FA),PF¢ single crystal, sample B, analysed
here, the integral 7 measurement at 250 K gave
T, =6.85+ 0.15 us, with no really suspicious deviations
of the data fit. On the other hand, Figs. 3 and 4 demon-
strate easily the characteristic spatial variation of 7, visu-
alized by colour code on the right hand sided cross-sections
3A-D, in contrast to the independent variation of the sig-
nal strength in the left hand part of these figures. For all
individual volume elements of sample B, reliable inversion
recovery fits, as exemplified in Fig. 4 for the shortest and
longest recovery, could be performed ‘automatically.”
Instead of applying phase correction the absolute value
of the signal strength was used. The fitting routine derives
unphysical 7)-data also for the volume elements that reflect
only the noise level, however. Thus, for the right hand part of
Fig. 3 only those volume elements (or pixels) are presented,
whose spin density (left part) is above an adjustable level,
set here to 25% of the maximum. The average of 7' rates
of all these volume elements of the 3d ESR image gave
T, =6.71 ps, in accordance with the integral value given
above. Evidently, images like Figs. 2 and 3 are very useful
for material characterization, because they prevent the appli-
cation of oversimplified models to the description of the
physical properties of these fascinating organic metals.

4. Conclusions

We introduced a new version of X-band pulsed ESR 3d
imaging with a cylindrical imaging frame, that is extremely
easy to realize. In its most spartanic version, exemplified
above, a constant static gradient in main field direction
and a pulsed gradient along a perpendicular sample rotation
axis are sufficient for the implementation. The basic principle
is the combination of 2d Fourier imaging and 2d filtered
back projection reconstruction. Resolution and field of view
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Fig. 3. Examples of sections across the 3d-ESR image of sample B, obtained by the cylindrical imaging scheme with the parameters given in Table 1. The
coordinate system is introduced in Fig. 1A, the color code is defined on top of the figure. Left part gives spin density, right part the 7;-variation for the
same cross-section. Two sections parallel to the z—x plane at y =0.000 (A) and y =+ 0.407 mm (B), and two sections parallel to the x—y plane at
z=++0.0064 mm (C) and z = — 0.0573 mm (D) are given.
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Fig. 4. Two examples of the raw data (absolute value of signal strength
versus recovery or readout time 7)) and inversion recovery fit (coloured
line) used to derive the spin-lattice relaxation time 7, for an individual
volume element, with the line fit visualized by the colour code used in
Fig. 3. Both volume elements are taken from Fig. 3A: “pixel 1,” with the
shortest 7' at (x = —0.0064 mm, y =0, z = —0.0319 mm), and “pixel 2,”
with the longest 77, at (x = —0.1338 mm, y =0, z = 0.0446 mm).

in the plane and along the cylinder axis can independently
and reliably be controlled. We showed the performance of
this imaging scheme for non-ideal single crystals of a qua-
si-one-dimensional organic conductor, visualizing the imag-
ing of T, weighted conduction electron spin density and of
the inhomogeneous distribution of the spin-lattice relaxa-
tion time 7'} with measurements requiring a metal cryostat
for temperature control. This imaging scheme is especially
appropriate for materials with highly anisotropic spin mobil-
ity and could be fully automated by use of a computer con-
trolled goniometer. Since only a minor number of “home
made” additions to a standard commercial pulsed ESR spec-
trometer are required, this cylindrical 3d imaging frame
might open access to spatially resolved resonance analysis
in various other areas of research.
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