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Abstract

The phase transitions of the conducting salts (FA),X (FA = fluoranthene; X =PF;, AsF) at 200 and 180 K were probed by analyzing the
short intermolecular contacts of their crystal structures and calculating their electronic band structures. The scanning tunneling microscopy
(STM) images of (FA),PF, were interpreted by calculating the partial electron density plots for its (011) surface. Our study indicates that
the 200 K. phase transition leads to a more compact crystal packing in which all F atoms of a PF¢~ anion make short F---H contacts with the
surrounding FA molecules. The 180 K phase transition originates from the charge density wave (CDW) instability of each FA stack. It is
most likely that the dimerization expected from the CDW instability involves rotations of FA dimers around the stacking axis, and that the
occurrence of domain structures in each FA stack prevents the observation of a dimerized structure by single-crystal X-ray diffraction. The
STM images of (FA),PF; indicate that a few FA molecules under the STM tip apex undergo a reversible, rotational rearrangement.

Keywords: Structural properties; Electronic properties; Fluoranthene; Microscopy; Surfaces

1. Introduction arrangement (2), so that each stack has two FA mole-

Fluoranthene (FA, 1) forms conducting salts (FA),X
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cules per repeat unit (3). With the formal oxidation state
2 3
with the anions X~ =PF,~ and AsF,~, the structures and
physical properties of which have been the subject of numer- 3
ous studies [1-22]. In these salts, stacks of FA molecules -
running parallel to the a-direction are separated by the anions M

(Fig. 1) [3]. In each stack the FA molecules are slightly
dimerized, and adjacent FA molecules have a 180°-rotation
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(FA),™*, the highest occupied band of each FA stack is half-
filled since there are two FA molecules per repeat unit (see
Section 3). The structural and physical properties of the
(FA),X salts raise several important questions.



(FA),X undergoes two phase transitions as the tempera-
ture is lowered [3,4,6,7,14,16,17]. The first phase transition,
which occurs at 200 K, is characterized by the rotation of
each FA stack around the stacking axis. In terms of schematic
projection views along the a-direction, the arrangements of
the FA stacks above and below 200 K are given by 4a and
4b, respectively, where the rectangles represent the FA

4b

stacks [3]. So far, the reason for this structural phase tran-
sition has not been explained. The second phase transition,
which occurs at 180 K, is driven by the CDW instability
associated with the half-filled band, because diffuse scattering
corresponding to a CDW of wave vector 0.5a* was observed
[17]. This transition is expected to lower the symmetry of
the crystal and double the repeat distance along the a-direc-
tion, but the a-axis doubling was not detected by single-
crystal X-ray diffraction of (FA),X determined at
temperatures below 180 K [3,8]. In general, the cations and
anions of organic conducting salts are held together with short
intermolecular contacts [23,24]. In (FA),X each FA stack
is surrounded by the anions, and each column of the anions
by the FA stacks (Fig. 1). This symmetry is broken on the
surface of a crystal sample. It is important to examine whether

ka5

:

Fig. 1. Schematic projection view (along the a-direction) of the crystal
structure of (FA),PFg at room temperature. The large, medium and smatl
circles represent the P, F and C atoms, respectively.
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the surface of (FA),X undergoes a relaxation and, if so,
whether it can be accounted for from the viewpoint of the
bulk crystal structure of (FA),X.

In the present work, we analyze the electronic and crystal
structures of (FA),X to probe the questions described above.
The electronic structures of (FA),X were calculated using
the extended Hiickel tight binding electronic band structure
method [25]. The (011) surface of (FA),PFs was charac-
terized on the basis of the scanning tunneling microscopy
(STM) images reported earlier [26]. We interpret the
observed STM images by calculating the partial electron den-
sity plots [27-291, p(rg.er), of the (010) and (011) surfaces.

2. Intermolecular contacts and 200 K structural phase
transition

The single-crystal X-ray crystal structure of (FA),PF
determined at room temperature does not have high resolu-
tion, nor does that of (FA),AsF determined at 120 K [3].
The F positions of the PF~ anions possess large standard
deviations and large thermal ellipsoids. In addition, several
C-H bonds of FA are bent out of the «-plane and have lengths
significantly longer than 1.08 A. To check the relevance of
the latter findings, we performed full geometry optimizations
of FA and its cation FA* on the basis of AM1 SCF-MO
calculations using the MOPAC program [30]. These calcu-
lations show all C-H bonds of FA and FA™ to be in the -
plane and have lengths very close to 1.08 A. Thus, in our
calculations of the short intermolecular contacts between the
FA molecules and PFs™ anions in (FA),PF, (see below) as
well as the p(rg,e;) plots, we replaced the C-H bonds of FA
with C-H=1.08 A along the C-H bond directions found in
our AM1 SCE-MO calculations of FA.

Fig. 2(a)—(b) shows two perspective views of the short
intermolecular contacts associated with one PEs™ anion in
(FA),PF,. Of the six F atoms of PF; ™, only four make short
H---F contacts with the C-H bonds of the surrounding FA
molecules (2.32 A along the c-direction and 2.46 A along
the b-direction). These H--F distances are shorter than the
van der Waals distance (i.e., 2.70 12\.) [31] but longer than
the C-H-F hydrogen bond distance (about 2.20 A) [32].
The remaining two F atoms of a PF; ™ anion, arranged trans
to each other, do not make short contacts with the surrounding
FA molecules. In addition, the H+-+H contacts (2.41 and 2.50
A) between the FA molecules surrounding a PR~ anion are
not shorter than the van der Waals distance (i.e., 2.40 A).
All these can be a source of structural instability, because it
means the presence of unused space in crystal packing. The
primary role of the 200 K phase transition would be to let the
crystal have a more compact packing in which all F atoms of
PF,~ engage in short C~H:+'F contacts. The X-ray crystal
structure of (FA),AsFg determined at 120 K [3] indicates
that this is indeed the case.
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Fig. 2. Schematic projection views of the short intermolecular contacts around a PF,~ anion in the crystal structure of (FA),PF at room temperature: (2)
approximately along the a-direction and (b) approximately along the b-direction. The P and H atoms are represented by the largest and smallest circles,
respectively, and the F and C atoms by the second largest and second smallest circles, respectively. The H-- H contact distances are 2.50 A( + ) and241

A (~=—-). The F---H contact distances are 2.31 A (- - =) and 246 A (- -+ -).

~11

_____________

Energy (eV)

Energy (eV)

-13

-11

-12

-13

Fig. 3. Dispersion relations of the electronic band structures calculated for isolated FA stacks in the crystal structures of (a) (FA),PF, at room temperature

and (b) (FA),AsF at 120 K. The Fermi level is represented by a dashed line.

3. Electronic structure and 180 K phase transition

The HOMO of FA calculated by AM1 SCF-MO calcula-
tions is schematically shown in the projection view 5. As

already found in other studies [10,13,19], large coefficients
in the HOMO are found for the C(3), C(6) and C(8) atoms.
(For the numbering of the carbon atoms of FA, see 1.) The
coefficients of the C3, C4, C5, C6, C8 and C9 are 0.36, 0.22,

—0.26, —0.37, 0.30 and 0.16, respectively. In the 180°-
rotation arrangement (2), the C3, C6 and C8 atoms of one
FA molecule are positioned above the C8, C6 and C3 atoms
of the other FA molecule, respectively. This leads to a strong
HOMO-HOMO overlap between adjacent FA molecules.

Fig. 3(a) shows the dispersion relations of the energy
bands calculated for an isolated FA stack of (FA),PFs at
room temperature, and Fig. 3(b) those calculated for an iso-
lated FA stack of (FA),AsFg at 120 K. Since there are two
FA molecules per unit cell, the band resulting from the
HOMO of FA is folded. This band is split into two sub-bands
due to the low symmetry of the crystal. The overall width of
this band is about 0.66 eV, so that the hopping integral
between FA molecules is about 0.16 eV.

In both Fig. 3(a) and (b), the highest occupied band (i.e.,
the upper sub-band) is half-filled. This is consistent with the



metallic character of (FA),X above 200 K, but not with the
semiconducting character of (FA),X below 180K [6,7,16].
The latter problem originates from the crystal structure of
(FA),AsFg at 120 K; each FA stack has two FA molecules
per repeat unit as in the case of the room temperature structure
[3]. A distortion doubling the g-axis length is required to
open a bandgap at the Fermi level of the half-filled band,
because it is dispersive along the g-direction. However, this
is not apparent from the crystal structures of (FA),X deter-
mined below 180 K [3,8].

Each FA stack can be considered as made up of FA dimers
because of the 180°-rotation arrangement between adjacent
FA molecules. The intra- and inter-dimer distances in the FA
stack differ only slightly (3.28 A versus 3.33 A in (FA),PF,
at room temperature; 3.22 A versus 3.28 A in (FA),AsF; at
120K). Thus, the FA molecules within each stack are closely
packed, so that the dimerization of each FA stack leading to
four FA molecules per unit cell would be difficult if this were
to change the intra- and inter-dimer distances. Alternatively,
dimerization of each FA stack can be achieved when adjacent
FA dimers rotate around the stacking axis such that their
rotational directions are opposite. Rotations of the FA dimers
should induce those of the neighboring anions in contact with
them such that each column of anions along the a-direction
has two anions per repeat unit. This ‘rotational’ dimerization
is most probable because the thermal ellipsoids of the atoms
of the FA molecules and anions exhibit shapes consistent
with such rotations [8]. The rotational rearrangement, which
occurs to lower the electronic energy, will induce strain into
the lattice. In principle, each FA molecule is free to rotate in
two directions, and so is each FA pair. Therefore, it is prob-
able that the extent of strain is reduced when domain struc-
tures are formed within each FA stack by introducing
rotational kinks (i.e.,domain walls), Examples of such kinks
are schematically illustrated in 6, where the arrows refer to
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the rotational directions of the FA molecules around the
stacking axis, and the kinks are surrounded by rectangular
boxes. The formation of domain structures is expected to
prevent a long range order of the rotational dimerization
within each FA stack and between FA stacks and, hence, the
observation of a dimerized structure by single-crystal X-ray
diffraction.

4. STM image and reversible local relaxation of the
(011) surface

(FA),PF4 was examined by STM earlier [26] under ambi-
ent conditions. Fig. 4(a)~(b) shows unfiltered and filtered
STM images obtained for (FA),PF,, respectively, and Fig.
4(c) azoomed-in part of the image in Fig, 4(b). The surface
unit cell of the image in Fig. 4(¢) has the dimensions (i.e.,
6.7 A, 10 A, 95°) that are consistent with the (011) su1face
rather than with the (010) surface of (FA),PRs [26]. I
(FA),PFq, layers of the FA®** cations alternate with 1ayers
of the PF4™ anions along the direction perpendicular to the
(011) surface (Fig. 1). In principle, the (011) surface can
be either the cation or the anion layer, However, the stacks
of bright strips in the STM image show that the observed
surface is the cation layer [26]. The most striking features of
the STM images of (FA),PF; are that the FA molecules look
more strongly paired than expected from the crystal structure,
and that each FA molecule consists of two pieces of unequal
lengths in many places.

The p(ro.er) plot calculated for the non-reconstructed cat-
ion layer of (FA),PFg on the (011) surface is shown in
Fig. 5(a}.Foreach FA dimerin a given FA stack, the electron
densities are found around the C8 and C9 atoms in one FA
and the C3 and C4 atoms in the other FA, i.e., the most
protruding atoms on the non-reconstructed (011) surface.
Thus, the length of a FA molecule seen from the electron
density distribution of the p(rp,e;) plot is much shorter than
that deduced from a bright strip of the STM image. This
discrepancy indicates that the structure of the cation layer

Fig. 4. STM images obtained for the (011) surface of (FA),PFy: (a) unfiltered image ( Vois =423 mV, I, =0.76 nA); (b) filtered image of (a); (c¢) zoomed-
in part of (b). The contrast covers height variations in the 0.0~1.3 nm range in (a), in the 0.0-0.8 nm range in (b), and in the 0.0=1.0 nm range in (c).
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Fig. 5. p(ro.er) plots calculated for the cation layer on the (011) surface of (FA),PFy: (a) non-reconstructed layer; the contour values used are 0.10, 0.08,
0.03, 0.02 and 0.008 X 10~*electrons/a.u.%; (b) reconstructed layer for 8=41°and ¢= + 5°. The contour values used are 0.10, 0.08, 0.05, 0.02 and 0.008 X 10~*
electrons/a.u.’. The C and H atoms of FA are represented by large and small circles, respectively. Each parallelogram represents one surface unit cell.

under the tip apex is different from that expected from the
bulk crystal structure.

Given the molecular geometry of FA (1) and its stack
structure, each FA molecule can appear longer in the p(rg,er)
plot only if it is rotated around the stacking axis such that the
plot has electron densities around the C4, C5 and C8 atoms
(or around the C5, C8 and C9 atoms). It is convenient to
describe such a rotational rearrangement in terms of two
successive rotations (#and ¢) around the stacking axis: (a)
the rotation 8 of each FA stack to make the C1-C2 bond axis
of each FA parallel to the (011) surface (i.e., §=41°) and
then (b) the rotation ¢ of each FA molecule to bring the C8
atom closer to the (011) surface. (The C8 and C4 atoms are
equally close to the (011) surface when ¢= +12°.) To gen-
erate a p(ro.¢¢) plot reproducing all essential features of the
observed STM images, we calculate p(rg,e;) plots of the
cation layer as a function of 8 and ¢. Fig. 5(b) shows the
p(roes) plot for =41°and ¢= =+ 5°. Several features of this
plot are noteworthy: the electron density of C4 is comparable
in magnitude to that of C8, the electron densities of C5 and
C4 appear merged while the electron density of C8 is sepa-
rated from that of C5, and the electron density within a FA
dimer is higher than that between dimers. These features are
entirely consistent with the observed STM images.

It is important to note that the structure of the cation layer
employed for the calculation of the p(ro,e;) plotin Fig. 5(b)
is unreasonable, because some intermolecular H: - -H contacts
are extremely short (e.g., about 1.5 A). Therefore, one has
to consider how this problem can be reconciled with the
finding that the p(ry,e;) plot and STM image are in excellent
agreement. It should be recalled that the overall STM or
atomic force microscopy (AFM) image refers to a collection
of local images seen by the tip apex. Thus, a surface relaxation
presented by an STM or AFM image may simply be arevers-

ible local phenomenon, as found for a number of layered
inorganic materials [29,33-37]. The STM image of
(FA),PF, is explained if the rotational rearrangement dis-
cussed above (e.g., §=41°and ¢ = +5°) is areversible local
phenomenon: under the tip apex, only several FA molecules
of one stack adopt the rotational rearrangement, and the adja-
cent FA molecules relax their positions to prevent the for-
mation of unreasonably short intermolecular H---H contacts.

5. Concluding remarks

The crystal and electronic structures of (FA),X (X = PF,
AsFq) were analyzed in some detail to help understand their
two phase transitions. The structural phase transition at 200
K occurs most probably to have a more compact crystal pack-
ing in which all F atoms of each anion engage in short C—
H---F contacts. The 180 K phase transition of (FA),X orig-
inates from the CDW instability of each FA stack, which has
a half-filled band dispersive along the a-direction. The FA
molecules within each stack are closely packed, so the
expected dimerization of each FA stack should involve rota-
tions of adjacent FA dimers around the stacking axis in oppo-
site directions. It is probable that the formation of domain
structures in each FA stack, introduced by rotational kinks,
prevents the observation of a dimerized structure by single-
crystal X-ray diffraction. The STM image observed for the
(011) surface of (FA),PF; is explained if a few FA mole-
cules under the tip apex undergo a rotational rearrangement
around the stacking axis. Consideration of the short inter-
molecular H---H contact distances indicates that this re-
arrangement is a local phenomenon and is reversible.
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