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Abstract

Adding ligands to molecules can have drastic and unforeseen consequences in the

final products of a reaction. Recently a surface trans effect due to the weakening of

a molecule–surface bond was reported. Here, we show a surface cis effect where an

axial ligand at adsorbed transition-metal complexes enables lateral bonding among the

molecules. In the absence of this ligand, the intermolecular interaction is repulsive

and supramolecular patterns are not observed. Fe-tetramethyl-tetraazaannulene on

Au(111) was investigated using low-temperature scanning tunneling microscopy and

spectroscopy along with density functional theory calculations. At low coverages the

molecules remain isolated. Exposure to CO leads to axial CO bonding and induces re-

ordering into extended clusters of chiral molecular trimers. The changed self-assembly

pattern is due to a CO-induced modification of the molecular structure and the corre-

sponding charge transfer between the molecule and the substrate, which in turn changes

the lateral intermolecular forces.
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Introduction

The properties of metalorganic complexes may be controlled through the number and type

of ligands attached to the metal center. This concept from solution chemistry1–5 has been

extended to complexes adsorbed on metal surfaces. Both electronic and magnetic properties

have been shown to respond to the addition or removal of a ligand.6–20

Little is known about the influence of axial ligands on intermolecular interactions at sur-

faces. For planar metal complexes on surfaces, the ligands naturally occupy the axial position

on the metal atom of the complex, conferring the metal atom with an octahedral-like ligand

field, which changes the otherwise square-planar ligand field with consequences regarding the

electronic and magnetic properties of the complex. Phthalocyanines, porphyrins and similar

molecules belong to this class of metallorganic complexes with promise for ligand-induced

modifications.21–25

The trans effect in coordination chemistry is the weakening of a ligand on the metal center

by the attachment of an additional ligand at a trans position. A closely related surface trans

effect has recently been reported from NO bonding to metal tetraphenyl porphyrins on

Ag(111).18 An overview of the surface trans effect and the closely related surface spin trans

effect is available in a recent review.24 As to intermolecular interactions, coadsorption of

NO and largish molecules26–31 has been reported to affect the molecular arrangements on a

surface. In these cases the transition-metal complex and the second species was co-adsorbed

side-by-side on the metal substrate and did not bind to the metal center as an additional

ligand.

Here, we report on the formation of supramolecular bonds on a surface induced by the

addition of an axial ligand to the metal center of a complex. We reveal this effect using

CO ligands on Fe-tetramethyl-tetraazaannulene (FeTMTAA, Fig. 1a, b) on Au(111). While

pristine FeTMTAA molecules on Au maximize their mutual distances at low coverages, the

attachment of CO leads to a drastic rearrangement. CO causes the molecules to aggregate

into ordered clusters. We discuss this striking observation in terms of the structure of
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the molecule, electrostatic intermolecular interactions and the effect of CO on the charge

transfer between FeTMTAA and the substrate. Moreover, we compare the results with

equivalent measurements on Ni-tetramethyl-tetraazaannulene (NiTMTAA)32 and density

functional theory (DFT) calculations. It turns out that CO attaches axially to FeTMTAA,

which lies flat on the substrate. As a result the interaction of the complex with its neighbors

is changed from repulsive to attractive, which may be viewed as a surface cis effect.

Methodology

Experiment

Experiments were performed with a home-built STM operated in ultrahigh vacuum (UHV)

at 5 K and 11 K. FeTMTAA was synthesized according to Ref. 33 and deposited onto

clean Au(111) surfaces at room temperature by sublimation from a Ta crucible. Prior to

sublimation the material was repeatedly degassed close to its sublimation temperature of

≈ 200◦ C in UHV. Exposure to CO was performed at 300 K and a CO pressure of ≈

4 ·10−5 mbar for 30 to 40 minutes. Prepared samples were transferred to the cold STM. Tips

were electrochemically etched from tungsten wire and further prepared in situ by indentation

into the substrate. A sinusoidal modulation (10 mVrms, 7 kHz) was added to the sample

voltage V to record spectra of the differential conductance.

Theory

We applied DFT as implemented in the VASP code34 using the generalized gradient approxi-

mation proposed by Perdew, Burke, and Ernzerhof (PBE)35 to treat electronic exchange and

correlation. Dispersion-corrections are included through the scheme proposed by Tkatchenko

and Scheffler.36 We have used a plane wave basis set and the projected augmented wave

(PAW) method37 implemented in VASP with an energy cut-off of 280 eV. The surface was

represented by a five-layer slab and in all calculations we allowed the relaxation of the sub-
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strate atoms in the two top-most metal layers as well as all the atoms of the adsorbates.

The substrate atoms in the three bottom layers were kept fixed to their bulk equilibrium

positions. All geometry optimizations were carried out until the forces on mobile atoms

were smaller than 0.02 eV/Å. The molecules were arranged in a periodic pattern formed

by lozenges of 25 Au atoms following the ideal surface of Au(111). The k-point sampling

corresponds to a Monkhorst and Pack mesh of 3×3×1. DFT is known to underestimate the

exchange splitting of localized orbitals, leading to an underestimation of magnetic moments.

In order to correct for this we have included an intra-atomic correlation correction U−J = 3

eV, where U corresponds to the Coulomb interaction and J to the exchange coupling, using

the scheme by Dudarev et al .38

Results

FeTMTAA adsorption on Au(111)

The macrocyclic ligand of FeTMTAA exhibits a pronounced saddle shape (Figs. 1a and b)

owing to the steric interaction of the four methyl groups with the phenyl rings.39 Figure 1b

shows a STM topograph of 0.2 monolayers (ML) FeTMTAA on Au(111).40 Single molecules

are clearly resolved as oval protrusions. Some examples are indicated by elongated hexagons

in Fig. 1. The molecules form a fairly regular hexagonal pattern with an intermolecular

distance of ≈ 1.9 nm. Molecules are aligned with their long axis along one of the three

compact directions of Au(111). The reconstruction of the Au substrate causes small height

variations.41,42 In particular, the transition region between fcc and hcp stacked areas of Au

is elevated by ≈ 15±4 pm and this height difference is also found on the molecules (≈ 20 pm

in our data).

Intramolecular contrast is demonstrated in Fig. 2a, which reveals that the molecules ap-

pear higher along the short axis. The STM image therefore indicates that FeTMTAA adsorbs

with its phenyl rings pointing toward the substrate. While this geometric interpretation of
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the image contrast is a simplification, it is important to note that the STM image of FeTM-

TAA varies little over a range of sample voltages. This observation is consistent with spectra

of the differential conductance (dI/dV ) acquired above the center of FeTMTAA, which do

not exhibit specific molecular states over a bias range of 3 V (Fig. 3).

Our calculations corroborate the above findings. An energy minimum was found for the

molecule horizontally adsorbed on the surface with the methyl groups pointing into vacuum.

This enables a strong bonding of the Fe center to the substrate. There is a weak preference

for placing the Fe atom on top of a surface Au atom, with a chemisorption energy of −2.35 eV

(−54.2 kcal/mol). Adsorption at the fcc hollow and at bridge sites are less favorable by 80

and 800 meV, respectively. The small energy difference between the fcc and top adsorption

sites suggests that molecules may be found to occupy different sites. The van der Waals

interaction leads to a considerably flattening of the adsorbed molecule reducing the saddle-

shape of the gas-phase molecule as can be seen in the calculated geometrical structure of

Fig. 4.

The optimized geometry of the molecule is actually affected by the molecular magnetic

moment. On the top site we find that the FeTMTAA molecule presents two possible spin

values – high-spin 4.3 µB, low-spin 2.6 µB – with an energy difference of 23 meV. In the high-

spin configuration the Fe ion is 2.7 Å away from the Au(111) surface, while the entire molecule

is lifted by approximately 0.1 Å for the low-spin configuration. The hollow-site configuration,

which is very close in energy (20 meV higher than the top-site configuration), pushes the

Fe ion further to 2.9 Å. The charge transfer involving the Fe ion confers the molecule with

its main properties. Indeed, this is corroborated by a more profound inspection of the STM

images of FeTMTAA that reveals a central protrusion.

A Bader charge analysis of the adsorbed system reveals a net electron donation from the

molecule to the substrate. The Fe atom loses 0.2 electrons whereas the N atoms acquire

0.08 electrons. The C-atoms remain largely unaffected. Figure 4 displays the differences of

electronic density due to the formation of the molecule-substrate bond. This induced charge
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is computed using the expression:

δρ = ρall − ρmolecule − ρsubstrate, (1)

where ρall is the density of electrons of the full system, ρmolecule is the density of electrons

for the molecule in exactly the same geometry as the adsorbed molecule and ρsubstrate is

the corresponding density of the surface also with the adsorption geometry.

In the experiments, most of the isolated FeTMTAA molecules could only be stably imaged

at low bias |V | < 0.2 V. When the voltage exceeded this values the molecules moved and

the tunneling current became unstable. This fact agrees with the picture emerging from

the calculations. The adsorbed molecules have acquired a positive charge and therefore

interact with the strong and inhomogeneous electrical field under the STM tip. The charge

analysis together with the computed energy landscape of the molecule on the surface provide

a distinct picture of the molecular arrangement on the surface. Namely, the positive charge

along with the corresponding image charge lead to repulsion via dipole–dipole interactions

on a potential energy surface with little corrugation. The result, in equilibrium, is an array

of equidistant single molecules.

A projection of the density of states (PDOS) on the d-orbitals of the Fe ion provides

further information on the electronic and magnetic properties of the molecule. Figure 5

shows the PDOS for the free molecule as well as for the high- and low-spin configurations of

the adsorbed molecule. Compared to the PDOS of the free molecule (black and dashed) the

minority-spin components indeed carry less charge for the adsorbed species, in agreement

with the donation of charge from the molecule. For the low-spin case, Fig. 5 (b), we see

that charge transfer mainly affects the minority spin, reducing the magnetic moment of

the molecule. Nevertheless, the low-spin molecule approximately maintains the magnetic

moment of the free molecule, corresponding to a total spin S = 1. In the high-spin case,

the donation from the minority channel is partially compensated from back-donation into
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the majority-spin d-states, which explains the larger magnetic moment of this configuration.

The high-spin molecule rather corresponds to a total spin S = 2.

The electronic systems described above may be described as approximate d6 configura-

tions of the Fe ion, where only the actual filling of the different d-shells change. In the case

of the free molecule, the Fe ion is in a d6 configuration, leading to S = 1 and to a Fe(II)

valence. Both high- and low-spin states involve a small reduction of the d-shell occupation,

well below the transfer of one electron, and hence they remain in an approximate d6 con-

figuration corresponding to an Fe(II) oxidation state. The spin configurations that we find

(S = 2 and S = 1) are indeed compatible with the Fe(II) oxidation state.43

Adsorption of CO on FeTMTAA on Au(111)

FeTMTAA-covered surfaces were exposed to CO at ambient temperature. Because CO

desorbs from gold below ambient temperature44 no CO remains on the Au substrate. Sub-

sequent imaging at low temperature revealed drastic changes. Figure 1c was recorded at

0.2 ML coverage and may be directly compared to Fig. 1b with the same coverage but with-

out CO. FeTMTAA molecules in fcc areas are no longer isolated but have aggregated into

small supramolecular assemblies the main building block being a chiral trimer.45–48 In addi-

tion, the intramolecular contrast is modified (Fig. 2b). The CO-exposed molecules (denoted

CO-FeTMTAA below) exhibit a depression at their center. The images of CO-FeTMTAA are

voltage dependent in contrast to those of FeTMTAA. The conductance spectrum acquired

at the center of the molecules reveals states at −0.9 and −1.3 V, which are close to those of

NiTMTAA (Fig. 3).

The observed CO-induced changes in STM images and dI/dV spectra strongly suggest

that CO is binding to FeTMTAA on Au(111). Below, we argue that CO attaches axially to

the Fe center on the vacuum (rather than substrate) side of the molecule. The additional

ligand apparently modifies the intermolecular interaction from repulsive in the FeTMTAA

case to attractive for CO-FeTMTAA.
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The influence of the CO ligand on the intermolecular interactions is also obvious on a

larger scale and at higher coverages. Figures 2c–f present images of FeTMTAA and CO-

FeTMTAA, each at 0.5 ML coverage. The favorable fcc areas are almost entirely covered

with molecules. Pristine FeTMTAA forms double rows with neighboring molecules rotated

by 60◦ with respect to each other (Fig. 2c and e). CO-FeTMTAA, by contrast, forms zigzag

chains (Fig. 2d and f), whose building blocks again are trimers (Fig. 2b). The zigzag chains

are in fact porous, honeycomb-like networks,49 which closely resemble the pattern observed

from NiTMTAA32 (Fig. 1d).

Our DFT calculations for CO-FeTMTAA in gas phase led to an optimized geometry

where CO binds axially to FeTMTAA (Fig. 1c). CO-FeTMTAA being a closed-shell system,

this result is reproduced in calculations for CO-FeTMTAA on the inert Au(111) surface.

Moreover, an axial coordination of CO to FeTMTAA in crystals was previously found with

X-ray diffraction.50 A slight displacement of the Fe atom from the plane of the N atoms

leads to nonequivalent axial ligand sites and a preference for coordination at the side of the

phenyl benzenoid rings.39,51 Because of the orientation of FeTMTAA on Au(111), however,

this site is located at the substrate side of the molecule that is not favorable energetically

due to the steric hindrance between surface and molecule.

Carbon monoxide easily binds to the free FeTMTAA molecule. As for the heme group of

porphyrin molecules, the adsorption of CO is made possible by a charge transfer into the 2π-

orbital of carbon monoxide. The adsorption of CO on FeTMTAA molecules is qualitatively

similar to the adsorption of CO on porphyrins although the amount of charge transfer to the

CO molecule is larger signaling more chemical activity from the FeTMTAA molecule than

from porphyrins.52

When the combined CO-FeTMTAA molecule is adsorbed on Au(111) no charge transfer

from Fe to the Au substrate takes place, in contrast to the case of pristine FeTMTAA.

This is clearly seen in the almost identical Bader charge distributions before and after CO-

FeTMTAA adsorption on Au(111). Figure 6 (a) shows the value of the induced electron
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density, Eq. (1) for the same isovalue as Fig. 4. The charge is very reduced, showing the

small transfer of charge between molecular complex and surface. Figure 6 (b) is the induced

charge averaged over planes parallel to the surface in the unit cell of the calculation. The Fe

atom loses up to 5 electrons per nm3 due to the adsorption of FeTMTAA on Au (111), while

this value is reduced to 2 electrons per nm3 when CO-FeTMTAA is considered. This leads

to a smaller overall induced dipole when CO is adsorbed on FeTMTAA. From these results,

we conclude that while FeTMTAA becomes positively charged on the Au(111) surface, CO-

FeTMTAA is largely neutral. This is further corroborated by the experimental observation

that isolated CO-FeTMTAA molecules on the surface were stable at elevated sample voltages.

Otherwise, the electrical field from the tip would have likely influenced the molecule.

The magnetic moment of the new system is zero. This is due to the rearrangement of

the d-shell of the Fe(II) ion. Indeed, the valency Fe(II) is compatible43 with molecular spins

of 0, 1 and 2, as we have found here.

Adsorption to the fcc site is 110 meV more stable than the bridge configuration and

1.7 eV more stable than the top site adsorption. The adsorption of CO-FeTMTAA is qual-

itatively different from the case of FeTMTAA. This is due to the partial passivation of the

Fe center when CO is directly attached to it. The adsorption of CO-FeTMTAA is directed

by the interaction of the nitrogen atoms with the substrate. The hollow site enables a close

interaction of two nitrogen atoms with two gold atoms, stabilizing the molecule. In the

absence of CO, the Fe ion binding activity increases, changing the adsorption site prefer-

ence. Nevertheless, the chemisorption energies of CO-FeTMTAA (−2.83 eV) and FeTMTAA

(−2.35 eV) are of similar magnitude despite the qualitative differences in the bonding.

The diminished reactivity of the Fe ion leads to an increased Fe–surface distance. For the

fcc adsorption site, this distance is 3.5 Å, i. e. 0.6 Å more than for the FeTMTAA molecule.

At first glance it may seem surprising that the CO-FeTMTAA molecule appears lower than

FeTMTAA in STM images because some small ligands at transition metal complexes were

previously imaged as protrusions.8,17,19 However, from our calculations we find that the low
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apparent height of CO-FeTMTAA is due to an electronic effect. A distant metallic tip will

image the nodal plane of the CO 2π∗ orbital as a depression. This is similar to CO on

Cu(111) where the molecule reduces the conductance and leads to a depression in constant-

current STM images over a range of bias voltages.53,54 Similarly, bonding of H to the Mn

center of MnPc was observed to cause a depression in experimental and calculated STM

images.55

Discussion

The addition of a small molecule as an axial ligand to an adsorbed molecule can destabilize

the molecular bond to the surface. Hieringer et al. demonstrated this surface trans effect

for metal-tetraphenylporphyrins and their nitrosyl complexes on a Ag(111) surface.18 Our

observations of CO-induced reorganization of FeTMTAA show that the addition or removal

of an axial ligand may additionally modify the interactions with nearest-neighbor molecules

in the surface plane. As these molecules are necessarily located in a cis position relative

to their CO ligands this change may be viewed as a new form of cis effect that occurs on

surfaces.

A priori, several factors can be at the origin of the surface cis effect. The Au(111)

substrate with its herringbone reconstruction may play a role as well as the electronic surface

state, which is known to mediate an oscillatory long-range interaction.56–62 None of these

factors, however, is significantly different for FeTMTAA and NiTMTAA, in contrast to

the patterns they form. Consequently, the differences between FeTMTAA and NiTMTAA

and the similarities between CO-FeTMTAA and NiTMTAA are linked to the molecules

themselves and their bonds to the substrate.

The effect of CO is threefold as deduced from the above experimental and theoretical

analysis. First, CO changes the geometrical structure of the FeTMTAA molecule. Accord-

ing to our DFT calculations of free molecules, the distance between the outermost C atoms
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along the long axis of the FeTMTAA molecule (Fig. 1a) (963 pm and 971 pm in spin 0 and

1 states, respectively) is reduced in CO-FeTMTAA (950 pm). The latter value is identical

to the distance calculated for NiTMTAA. In other words, the reaction with CO geomet-

rically converts FeTMTAA to NiTMTAA. The same trend is calculated for the adsorbed

molecules. Second, a similar conversion is found at the electronic level, where we see that

the adsorbed NiTMTAA presents the same features as the adsorbed CO-FeTMTAA (see

Supporting Information). In agreement with the calculated results, the experimental spec-

tra of CO-FeTMTAA and NiTMTAA exhibit nearly identical peaks. Finally, bonding of CO

to the Fe center weakens the Fe–Au bond and thus diminishes the charge transfer. As a

result, the electrostatic interaction between FeTMTAA molecules is affected. FeTMTAA is

positively charged while CO-FeTMTAA is not leading to net repulsion among FeTMTAA

molecules that is absent for CO-FeTMTAA. This affects the actual molecular arrangement.

FeTMTAA molecules mutually repel owing to their charge state and tend to form a Wigner

crystal. CO-FeTMTAA molecules on the other hand tend to form clusters. Their charge

state is modified, the electrostatic interaction is reduced, and consequently their arrangement

is dictated by the threefold symmetry of the substrate, the intermolecular van der Waals at-

traction and the steric forces of the ligand groups. The similarity of the CO-FeTMTAA

patterns with those of NiTMTAA indicates that CO substantially reduces the electrostatic

repulsion, which is consistent with the results of our DFT calculations.

At large coverages FeTMTAA molecules in fcc areas aggregate. A related observation

was reported from the molecular donor tetrathiafulvalene on Au(111).63,64 While it forms

a Wigner crystal at low coverage its charge transfer to the surface is reduced at higher

coverages and aggregation occurs. Reduced coupling at high coverage was also found for

FePc on Ag(111).65
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Conclusions

In summary, low-temperature STM data from FeTMTAA on Au(111) show that exposure

to CO drastically changes the molecular pattern. A combined experimental and theoretical

study shows that the CO coordination to the Fe center leads to a modified binding to the

substrate. Beyond weakening the Fe-substrate bond, which is typical of a trans effect, the

CO ligand modifies the lateral interaction between molecules. While the trans effect relies

on orbital-mediated interaction of ligands, the surface cis effect reported here involves a

ligand-induced charge redistribution between the molecule and its substrate. The presence

of CO axial ligands permits the creation of a supramolecular structure while the absence of

the ligands leads to the repulsion of the FeTMTAA molecules on Au(111).
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Figure 1: (a) Top view of the calculated gas-phase structure of FeTMTAA. Dark red, violet,
dark grey, and light grey spheres indicate Fe, N, C, and H atoms, respectively. The model
resembles an elongated hexagon (line), which is used to indicate the molecules and their
orientations in STM images. (b) STM topograph (I = 50 pA, V = 0.1 V) of 0.2 ML of
FeTMTAA on Au(111) along with a side view of the gas-phase structure of FeTMTAA. (c)
The same coverage of FeTMTAA imaged after exposure to CO. I = 50 pA, V = 0.2 V.
A side view of the structure of CO-FeTMTAA is also shown (light red indicating O). The
molecular pattern has drastically changed with many molecules assembled into trimers and
chains. Monomers in hcp areas appear fuzzy because they move during scanning. At low
voltages, many monomers are more stable and are identified as pristine FeTMTAA molecules.
(d) 0.2 ML of NiTMTAA. I = 100 pA, V = 0.5 V. The pattern is closely related to that of
CO-FeTMTAA. A side view of the calculated structure is shown for each molecule.
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Figure 2: STM topographs of FeTMTAA and CO-FeTMTAA on Au(111). (a, b) De-
tailed images of 0.2 ML. (c, d) 0.5 ML. (e, f) Detailed images of chains of FeTM-
TAA and CO-FeTMTAA at 0.5 ML coverage. The color palette from Fig. 1 is used,
with some contrast enhancement in c and d. Tunneling parameters: I = 50 pA and
V = 0.1, 0.2,−0.25,−0.5,−0.06, and −0.5 V in (a–f), respectively.
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Figure 3: dI/dV spectra acquired above the centers of FeTMTAA, CO-FeTMTAA, and
NiTMTAA molecules recorded at coverages of 0.8, 0.5, and 0.5 ML, respectively. Current
feedback was opened at V = 1.5 V, I = 100 pA and V = −1.5 V, I = 200 pA for FeTMTAA
and CO-FeTMTAA, respectively. The NiTMTAA data were recorded at a constant current
of I = 1 nA and converted to an approximate constant-height spectrum using the procedure
of Ref.66 As the tip-sample distance is unknown, the calculated conductance is arbitrarily
scaled for NiTMTAA. The CO-FeTMTAA data were multiplied by a factor of 5. The CO-
FeTMTAA and NiTMTAA spectra have been shifted by 1 and 1.5 nS, respectively.
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(a) (b)

Figure 4: Electronic density induced by the molecule-substrate interaction. The isosurfaces
correspond to a value of ± 0.0035 e/Å. The positive (negative) value indicates excess (defect)
of induced electrons plotted in yellow (blue). Goldish, light grey, dark grey, and violet spheres
indicate Au, H, C, and N atoms, respectively. The interaction between the molecule and the
gold surface (after due atomic relaxation) leads to a transfer of approximately 0.14 electrons
from the molecule to the substrate following our Bader charge analysis.
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Figure 5: Density of states projected (PDOS) on the Fe d-manifold for (a) the high-spin
configuration (4.3 µB) and (b) the low-spin one (2.6 µB). The black curve in (a) corresponds
to the free-molecule configuration with a magnetic moment of 2.0 µB (S=1). The adsorbed
high-spin configuration (red in (a)) corresponds to a full d-shell for the majority spin (↓)
and approximately only one electron in the minority spin (↑) leading to 4 unpaired spins or
a total spin S = 2. This is in contrast with the free case (black) that displays two electrons
from the minority spin but only four electrons for the majority spin, leading to a total spin
S=1. The low-spin configuration is closer to the free-molecule configuration although it
displays some energy shifts similar to the high-spin one leading to a smaller occupation of
the minority spin. As a consequence the low-spin configuration approximately corresponds
to a total spin S = 1.
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Figure 6: (a) Induced density between a CO-FeTMTAA molecule and the Au(111) substrate.
Goldish, light grey, dark grey, violet, dark red and light red spheres indicate Au, H, C, N,
Fe, and O atoms, respectively. The isosurfaces are taken for the same values as in Fig. 4,
showing the large difference in charge transfer between molecule and substrate depending
on adding an extra carbon monoxide molecule. (b) Planar average of the induced charge
for the CO-FeTMTAA complex (black) and the FeTMTAA molecule (red). The Fe atom
of the molecule is the origin of coordinates. Positive values of z correspond to the vacuum
side. This graph reveals the surface dipole of the rearranged charges due to the interaction
between molecular complex and substrate. At the isovalue of (a), the planar average shows
zero induced density for the CO-FeTMTAA molecule, in agreement with the very localized
distribution of (a).
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