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Scanning tunneling microscopy (STM) of single crystals of semiconducting organic crystalline 

charge-transfer salts [R1(R2)NCH2CH20CH2CH~l+[TCNQ12- (la: R1 = C2H5, R2 = C P H ~ ;  lb: 
R1 = CH3, Rz = C2H5; IC: R1 = CH3, R2 = CH3, monoclinic; Id: R1 = CH3, R2 = CH3, triclinic) 
and (Ph( H)  NCH=CHCH=N (H) Ph)  + (TCNQ) 2- (TCNQ = tetracyanoquinodimethane) is 
described. The STM data reveal tunneling current features that compare favorably with the 
electronic properties and crystal structure of the salts. The local density of states (LDOS) 
exhibit orientation and corrugation consistent with the topography and electronic structure of 
dimerized TCNQ stacks contained in the molecular layers that define the exposed low-energy 
crystal planes. In the case of la, crystallographically inequivalent TCNQ layers that alternate 
through the crystal are revealed in STM data by sequential etching of the layers. The two 
dimorphs IC and Id reveal dramatically different tunneling current contrast due to  the different 
molecular motifs of their respective crystal faces, as surmised from the crystal structure. While 
the lattice constants determined from the tunneling current contrast correspond favorably with 
the values expected based on single-crystal X-ray structures, in some cases there appears to  be 
a slight compression of the surface layer. This behavior is consistent with weak interaction 
between the molecular layers of the charge-transfer salt, and the tendency of the molecular 
constituents in the surface layer to achieve a higher packing density in order to  lower the crystal 
surface free energy. These studies reveal that  STM can provide substantial insight into the 
structure of organic crystals, and can probe molecular-level structural and electronic features. 

I 

Introduction 
Crystalline solids based on molecular components 

exhibit numerous electronic phenomena, including elec- 
trical conductivity, superconductivity, nonlinear optical 
behavior, and ferromagnetism.14 The most extensively 
examined molecular crystals have been the low-dimen- 
sional conductors and semiconductors, which generally 
exhibit anisotropic conductivity due to extended band 
structure associated with stacks of open-shell charge- 
transfer molecules. Most notable are the organic super- 
conductors and ferromagnetic materials based on met- 
allocene salts of polycyanoanions. The principle advantage 
of molecular materials is the ability to rationally control 
bulk properties through molecular design. Further ad- 
vances in this area, however, require a thorough under- 
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standing of the relationship between molecular structure, 
supramolecular structure, and electronic properties. Bet- 
ter understanding of the surface topographical and 
electronic structure of these materials is also needed in 
order to provide insight into their nucleation and growth 
characteristics, particularly with regard to crystal size, 
morphology, growth orientation, and defect density. We 
have been particularly interested in the mechanisms of 
nucleation and growth of organic crystals on the nanoscopic 
level, where topographic features such as terraces, ledges, 
and kinks play an important role in these processes.5This 
has required a detailed understanding of the distribution 
of these features, their relationship to the directionality 
and strength of intermolecular interactions, and the degree 
of reconstruction of exposed crystal faces compared to the 
bulk structure. 

These needs have prompted us to examine conducting 
molecular crystals with scanning tunneling microscopy 
(STM)? This technique is particularly suited to examining 
the relationship of the electronic and molecular structure 
of specific crystal planes to the bulk material, as well as 
characterizing the microscopic topography of crystal 
surfaces. The tunneling current, iT ,  measured in STM 
provides a contour of the density of states, p(r,EF), that 
reflects the molecular and electronic structure associated 
with molecular constituents in the crystal plane under 
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dinium (VIN+) cations, and TCNQ anions, with the 

D+ A- D+ A m D+ A D+ A- D+ A- D+ A -  

inequivalent TCNQ stacks equivalent TCNQ stacks inequivalent TCNQ stacks in 
in the same layer equivalent layers inequivalent layers 

[(rl-CsMe~)2Ru(~6.r16-[Z~l(l,4)- lb, 1cJd la, 2 
~ y c l o p h a n e ) l ~ + [ T C N Q ] ~ ~ -  

(morpholinium)+(TCNQ)2- (vinamidinium)+(TCNQ) 2' 

la: R I  = C2HS: R2 = C2Hs 2 
lb: RI = CH3: R2 = C ~ H S  
le: R I  = CH3; R2 = CH3(monoclinic) 
Id: RI = CH3; R2 = CH3(triclinic) 

investigation. Recently, STM has been used to examine 
the electronic structure of several low dimensional inor- 
ganic cond~ctors~*~and superconductors? as well as organic 
charge-transfer salts based on bidethylenedithiotetra- 
thiafulvalene),lO tetramethyltetraselenafulvalene,ll tetra- 
thiafulvalenium, and tetracyan~quinodimethane.~~J~ 

Our recent STM investigations of single crystals of the 
molecular semiconductor [(9-C5Mes)2R~(9~,9~-[221(1,4)- 
cy~lophane)~+[TCNQ14~- (TCNQ = tetracyanoquino- 
dimethane) demonstrated that STM was capable of 
distinguishing independent electronic subsystems, in the 
form of charge density waves associated with crystallo- 
graphically inequivalent TCNQ anion stacks (A-1. These 
stacks coexisted in molecular TCNQ layers separated by 
cation (D+) layers (Chart l).'3a This ability to probe 
electronic structure on a molecular level prompted us to 
examine further the organic crystalline charge-transfer 
salts based on morpholinium (MORPH+) and vinami- 
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composition [RI (R~)NCH~CH~OCH~CH~I  + [TCNQI 2- 
(la: R1= C2H5, R2 = C2H5; lb: R1= CH3, R2 = C2H5; IC: 
R1= CH3, R2 = CH3, monoclinic; Id: R1= CH3, R2 = CH3, 
triclinic) and (Ph(H)NCH=CHCH=N(H)Ph)+(TCNQ)2- 
(2). These materials possess extended TCNQ stacks, the 
1:2 stoichiometry dictating an average charge of p = 0.5- 
per TCNQ site.14 These features result in anisotropic 
conductivity and semiconducting behavior, typical of low 
dimensional TCNQ solids. Each of these compounds 
possess TCNQ stacks organized into discrete molecular 
layers, which are separated by layers of cations. These 
layers, because of strong intermolecular in-plane interac- 
tions, tend to form large, molecularly flat crystal faces 
which are amenable to STM investigations. Notably, these 
compounds differ with respect to the crystallographic 
equivalence of the TCNQ layers: la and 2 each have two 
crystallographically inequivalent TCNQ stacks organized 
into two separate crystallographically inequivalent layers, 
whereas lb-d possess crystallographically equivalent 
layers. The diversity of molecular motifs evident in these 
charge-transfer salts provides an opportunity to examine 
the relationship between well-defined bulk structural and 
electronic structure and p(rJF). We report herein STM 
investigations of these salts, which demonstrate the 
relationship between tunneling characteristics and the 
molecular and electronic structure of these charge-transfer 
salts. 

Experimental Section 
Materials. Single crystalsof (MORPH)+(TCNQ)z-salts (la- 

d) were grown by slow cooling of acetonitrile solutions contain- 
ing stoichiometric amounts of TCNQ and the appropriate 
(MORPH)+I- salt. (VIN)+(TCNQ)z- (2) was prepared in asimilar 
manner, from the (VIN)+I- salt, which was synthesized according 
to a previously described method.16 Crystals typically had 
dimensions of 3 mm X 3 mm X 0.5 mm; the largest faces were 
chosen for investigation by STM. Freshly prepared crystals were 
used as grown, whereas crystals that had been left standing in 
ambient air were cleaned occasionally (i.e., once per week) by 
immersion in a neat acetonitrile solution. No appreciable 
differences were observed between freshly prepared and aged 
crystals. All crystals were indexed with a Enraf-Nonius CAD4 
computer-controlled X-ray diffractometer in order to assign the 
crystal faces. 

Apparatus. A Nanoscope I1 scanning tunneling microscope, 
with 80% Pt/20% Ir mechanically cut tips, was used to obtain 
all images. Each crystal specimen was placed on a conductive 
sheet of aluminum and secured to the STM fixture with either 
strips of adhesive tape or silver epoxy. The crystals were affixed 
to the stage after indexing, so that their crystallographic 
orientation under the STM tip was known. The scanning 
conditions involved tip bias voltages ranging from -200 to -1700 
mV (tip vs sample) with setpoint currents ranging from 0.10 to 
0.55 nA. All images shown here were collected in the constant- 
height mode. Crystal structure data were obtained from the 
Cambridge Structural Database, Cambridge Crystallographic 
Data Centre, University Chemical Library, Cambridge England, 
Version 5.05, update April 1993. 

Results 
The contour of the density of states, p(r,EF), obtained 

from STM data is a consequence of the surface topography, 
molecular structure, and electronic states near the Fermi 
level. Accordingly, the orientation, shape, dimension, and 
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Table 1. Lattice Constants and Densities for 
TCNQ-Layered Materials as Determined from X-ray 

Diffraction and STM. 

Dvorak et al. 

B DEM DEM B 

space density 
material group X-ray (A) STM (A) (g/cm9 

(DEM) (TCNQh ( I O  Pi n = 7.902(4) n = 8.0 * 0.3 1.255 
b = 28.134(6) (b)  
c = 7.514(3) c = 7.8 0.3 
a = 91.26(6)" (b)  
0 = 118.47(4)' 0 = 120 h 0.2' 
y = 93.67(2)O (b)  

b = 15.426(16) (b)  
e = 6.896(5) 
a = 113.59(8)' (b)  
0 = 73.21(7)O 
y = 112.71(8)0 (b)  

(monoclinic) b = 26.814(8) ( b )  

(MEM)(TCNQ)z (1b)Z' P1 (I = 7.824(5) a = 6.9 * 0.3 1.261 

e = 5.7 & 0.3 

0 = 78 Z0 

DMM(TCNQh ( 1 0 ) ~  P2dm n = 7.52(2)< n = 7.2 * 0.3 1.289 

c = 7.594(7) 
0 = 58.44(6)' 

e = 7.5 0.3 
0 = 56 & 2' 

DMM(TCNQI2 (Id)" P i  n = 16.452(3) (b) 1.352 
(triclinic) b = 12.838(3) b = 11.4 * 0.3 

e = 6.592(2) e = 6.0 h 0.3 
a = 103.18(2)o a = 98 * 2' 
0 = 98.79(2)O (b) 
y = 103.25(2)0 (b)  

b = 7.792(1) 
e = 30.547(4) ( b )  
a = 7.483(3)' ( b )  
8 = 92.85W ( b )  
y = 113.98(3)* y = 115.0 * 2' 

(VIN)(TCNQ)~ (w pi o = 7.483(3) a = 7.3 * 0.3 1.302 
b = 8.1 h 0.3 

a Uncertainty in Lattice constante determined by STM represents 
20. b Could not he measured since corresponding face could not be 
measured. Based on indexing of crystal and is 0.27 A smaller than 
reported X-ray value. 

periodicity of the local density of states (LDOS) will 
correspond to the orientation and spatial extension of the 
molecular orbitals localized on the molecules exposed at  
the crystal plane under examination. This is particularly 
appropriate for crystalline molecular semiconductors, for 
which the electronic structure can be described by atight- 
binding approximation, which invokes substantial local- 
ization of electronic states on molecular sites.16 Therefore, 
in the following section, the STM data will be described 
along with the molecular structure of the appropriate 
crystal plane. Table 1 summarizes the crystallographic 
parameters of the charge-transfer salts and the cor- 
responding lattice constants determined from the STM 
data. 
(N,N-Diethylmorpholinium)+(TCNQ)z- (la). The 

crystal structure of the crystalline conductor (N,"- 
diethylmorpholinium)+(TCNQ)z- (la) reveals two crys- 
tallographically inequivalent ac layers of TCNQ mol- 
ecules, which are separated by N,"-diethylmorpho- 
linium+(DEM+) cation layers (Figure l).14 The layering 
motif can be described as .... DEM+.A.DEM+-B- ... along 
the b direction, where A and B represent the crystallo- 
graphically inequivalent TCNQ layers. The topography 
of these layers can he visualized from space-filling models 

(16) (a) Slater, J. C.; Kaster, G. F. Phys. Re". 1954, 94, 1498. (b) 
Bloch, F. Z. Phys. 1928,52, 555. (e) Epstein, A. J.; Miller, J. S. B o g .  
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I 
Figure 1. Unit cell of la viewed along the a (top) and c (bottom) 
axes. The ac planes contain TCNQ anion and DEM+ cation 
stacks, which are identified at  the top of the figure. Hydrogen 
atoms have been omitted for clarity. 

based on the crystal structure (Figure 2). The TCNQ 
layers contain (TCNQh- dimers (i.e., the charge per 
molecule is p = 0.55). The TCNQ molecules constituting 
the dimers in layer A exhibit the common shifted ring- 
over-ring motif (molecules A and A' in Figure 2), with a 
rather large separation between planes in the dimers (3.41 
A). The interdimer overlap motif, however, does not 
provide significant overlap of the TCNQ molecules 
(molecules A' and A"), although the interdimer spacing 
israthersmall(3.19A). Incontrast,layerB has (TCNQk 
dimers with a ring-external bond overlap motif, stacked 
along the c axis. The intradimer spacing is 3.14(1) A 
(molecules B and B'), and the interdimer spacing is 3.36- 
(1) A (molecules B' and B"). Inspection of the structure 
of these layers reveals that the planes of the (TCNQL- 
dimers in layers A and B are subtend angles of 0" and 60" 
with the a axis, respectively. Furthermore, layer A forms 
a two-dimensional network with significant interdigitation 
of the TCNQ stacks, while layer B is better described as 
an assembly of discrete one-dimensional TCNQ stacks. 
Layer B alsoexhihitsagreater degree ofsurface corrugation 
along the [ l O i ]  direction, parallel to the molecular TCNQ 
plane, than does layer A along the [lo01 direction, also 
parallel to the molecular TCNQ plane. 

Upon crystallization, la forms large ac faces with large, 
molecularly flat terraces and relatively few defects, as 
revealed by large scale (700 nm X 700 nm) STM images 
(Figure 3). The tunneling current contrast between the 
terraces is consistent with vertical steps of approximately 
8 and 20 A, roughly equal to the heights of one and two 
DEM+TCNQ- layers, respectively. The presence of these 
large terraces is consistent with the observed hulk 
morphology and slow growth normal to the ac face. 

Molecular scale images oftheacface of larevealap(r,E~) 
that consists of rectangular-shaped LDOS (Figure 4) 
oriented along different directions, these directions sub- 
tending an angle of 120 f lo, nearly identical to the value 
of p (118.47"). TheaverageperiodicityoftheLDOS along 
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Layer A Layer B 

Figure 2. Space-filling models of the crystallographically inequivalent TCNQ layers A and B in la  viewed normal to the layers (top) 
and nearly parallel to the layers (bottom). It is evident from these models that layer A haa a two-dimensional motif with only a slight 
corrugation along the [lo01 direction, whereas layer B is better described as one-dimensional with significant corrugation along the 
[loll direction. The planes of the TCNQ molecules in layer A are oriented parallel to the a axis, whereas the planes of the TCNQ 
molecules in layer B are oriented 60’ with respect to the a axis. Moleculea A-A’ and B-B’ represent the constituents of the (TCNQk 
dimer in each stack, whereas A-A” and B-B” represent the interdimer molecular contacts. Molecules A”’ and B”’ are crystallographically 
identical to A” and B”, respectively. This notation is identical to that used in ref 14. 

. <-- 

tunneling current contrast therefore is consistent with the 
structure of the QC plane. This plane may be terminated 
with either TCNQ0.O.” or DEM+ molecules, as required for 
electroneutrality. The observation that the lattice pa- 
rameters obtained with STM agree with those expected 
for the ac plane argues against surface reconstruction, in 
agreement with the other STM investigations of molecular 
crystals.1”15 Occasional defects observed in these images 
appear to correspond to  missing molecules. While these 
defects perturb the immediately surrounding tunneling 
current features, the effect on next-nearest LDOS is 
negligible. 

The STM images in Figures 3 and 4 were captured at 
a setpoint current less than 0.1 nA. Setpoint currents 
exceeding 1 nA, however, resulted in images whose 
appearance changed in successive scans. This behavior 
suggested that etching of the ac face was occurring during 
dataacquisition under theseconditions. Previous reports 
have demonstrated STM-induced etchine of other two- . 

’ - IOOnm dimensional layered materials under -suitable con- 
ditions.”-”J While etching processes induced by STM are 
not well understood, etching of la occurs when the bias 
voltages and/or setpoint currents exceed a critical value. 
Etchin~ma~ocmb~oneofseverdmechanisms~includin~ 
field-induced ionization of the surface molecules, thermal 
ionization, field-assisted evaporation, or direct tip-sample 
contact. All of these mechanisms are consistent with the 
observation that etching of la occurs at higher tunneling 
currents,butnofurtherattempt hasheenmadetoidentify 
the mechanism responsible for the etching behavior seen 
here. 

The etching of la can be halted by reduction of the 
setpoint current to its original value, upon which stable 

H 

Figure 3. Large area STM scan of the ac surface of la. The 
presenceoflargemolecularlyflat regions withrelativelyfewdefeet 
regions suggests an energetically stable surface structure of the 
organic TCNQ molecules. The presence of large terraces is 
indicative of a relatively large growth rate along the stacking 
direction of the TCNQ molecules with a smaller growth rate 
perpendicular to the ac plane. 

one of these directions is 7.8 * 0.2 A, in reasonable 
agreement with the value of from the crystal 
structure (c  = 7.514 A). The average periodicity of the 
LDOS along the other direction is 8.0 f 0.2 A, in good 
agreement with the Q lattice parameter (7.902 A). The 
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layer A layer B 
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Figure 4. (a, b) Raw STM data of the nc face of la, depicting the LDOS of the two crystallographically inequivalent TCNQ layers 
(A and B), in which the image on the right side was acquired after etching at higher tunneling currents. The tunneling current featurea 
repeat at intervals of n and therefore can he assigned to (TCNQ)i dimers, which repeat at a in the crystal structure. The image on 
the left is assigned to layer A because the LDOS assigned to the (TCNQ),- dimers are parallel to the a axis and have a two-dimensional 
motif, in agreement with the crystal structure of layer A. The LDOS in the image on the right side are oriented at an angle of 6O0 
with respect to then axis and are better described as one-dimensional, consistent with the structural motif of layer B. (e, d) Fourier 
filtered images corresponding to the raw data in (a, h). Filtering was performed hy selecting first-order frequencies having the highest 
densityamplitude, using the commerciallyavailable software provided by Digital Instruments with the Nanoscope I1 scanning tunneling 
microscope. Tunneling conditions: tip bias = -1815.8 mV, setpoint current = 0.10 nA. Maximum contrast of tunneling current 
corresponds to 1.1 A in (a) and (b). The values of a, c, and @ are in reasonable agreement with the X-ray crystal structure (see Table 
1). 

images of regions with low defect density can once again 
be obtained. Figure 4b depicts an image acquired at the 
lower tunneling current after etching in which the LDOS 
differ from the original image. In the case of Figure 4a, 
the long axes of these features are oriented parallel to the 
a axis, identical to the orientation of the (!J'CNQ)z- dimers 
in layer A. In contrast, the long axes of the LDOS after 
a typical etching sequence (Figure 4b) were oriented 60' 
with respect to the a axis, identical to the orientation of 
the (TCNQ)z- dimers in layer B. These observations are 
consistent with assignment of the STM data in Figure 4 
to independent TCNQ layers A and B. In both images 
there is substantial corrugation of the LDOS along the c 
axis, which can be attributed to  the highly localized dimer 
structure in both layers. The dimer structure associated 
with the 4 k ~  state of la is consistent with appreciable 
state density between molecules in the (TCNQ)2- dimer, 
with the excess electron delocalized over the dimer.20 The 

electronic structure of the one-dimensional 4 k ~  state 
predicts that the tunneling current contrast will depend 
upon the nature of the electronic states near the top of the 
valence band (for positive tip biases) or near the bottom 
of the conduction band (for negative tip biases). According 
to  a tight binding band approximation, these states have 
nodes between (TCNQ)2- dimers at intervals of e, con- 
sistent with the observed corrugation of p(r&) along 
In both layers the diminished state density between 
(TCNQ)*- dimers would result in decreased tunneling 
current between the dimers. It is important to  note that 
attempts to image simultaneously two adjacent regions 
exhibiting the layer A and B LDOS were not successful, 
as the steps separating these regions were not stable when 
imaging a t  high resolution. 

The TCNQ dimers in layerA are interdigitated, resulting 
in a two-dimensional motif. This is consistent with the 
data in Figure 4a, which display a more continuous 
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tunneling current along a than the data in Figure 4b 
assigned to layer B, which consists of discrete one- 
dimensional TCNQ stacks. The minimal corrugation of 
p(rJF)alongtheaaxisinFigure4aalsoagreesqualitatively 
with the molecular topography of layer A along the a axis, 
whereas the LDOS in the interstack regions of layer B is 
expected to be less than that of layer A, in qualitative 
agreement with the data in Figure 4b. Layer B also is 
more highly corrugated along the [loll  direction, parallel 
to the TCNQ planes, than is layer A along the analogous 
[lo01 direction. This results in a greater variation in 
distance between individual methylidene carbon atoms 
of the TCNQ dimers and the scanning STM tip along the 
11011 direction in layer B, in agreement with the STM 
data. Therefore, the STM images of both layers exhibit 
LDOS periodicity along the c axis that is expected for the 
4 k ~  state, but the subtle differences in tunneling current 
contrast reflects differences in the dimensionalities of the 
two layers. Interestingly, EPR studies of la indicated 
that the TCNQ stacks in layer B undergo a spin-Peierls 
transition at  23 K. However, layer A was stable to a phase 
transitionat temperatures <1.5 K. This stability has been 
attributed to the higher dimensionality of layer A. Two 
S = '/~resonanceswereassignedtoeachoftheinequivalent 
TCNQ layers, with the g(0) dependence corresponding to 
the 60" dihedral angle between the TCNQ stacking 
directions in the two layers. The STM data described 
herein corroborate the assignment of the 4 k ~  electronic 
structure and reveal the differences between the dimen- 
sionalities of the electronic subsystems of layers A and B. 

(Vinamidinium)+(TCNQ)r(Z). Thecrystalstructure 
of 2 reveals two crystallographically inequivalent TCNQ 
stacks assembled into two crystallographically inequivalent 
TCNQ layers separated by VIN+ cation layers, to give a 
mot if.... VIN+.A.VIN+.B. ... motif (Figure5a)J5 TheTCNQ 
layers differ with respect to their structural dimension- 
alities, and presumably their electronic properties. Upon 
crystallization, 2 forms large ab faces that are amenable 
to STM examination. STM data collected at  high 
resolution reveal LDOS whose periodicity is in good 
agreement with the ab lattice parametersdetermined from 
the X-ray single-crystal structure (Figure 5b). This 
suggests negligible surface reconstruction, similar to the 
behavior observed for la. However, the quality of the 
images obtained for 2 was never as satisfactory as those 
of la, and repeated attempts to detect both crystallo- 
graphically inequivalentTCNQ layers were not successful. 
Notably, EPR measurements suggest a relatively large 
disparity in the ionicity ( p ~ ~ a  = 2/3- and ~ N Q ~  = Vs-) 
of the TCNQ layers, presumably because of hydrogen 
bonding of TCNQ layer A withneighboringvinamidinium 
cation layers that is less prevalent in layer B. This 
hydrogen bonding may favor layer A over layer B a t  the 
surface. The A layer has been reported to exhibit narrow- 
gap semiconducting behavior in which there is a strong 
decrease in the density of states at  the Fermi level. This 
may be the source of the difficulty in obtaining higher 
quality images of the a b  face. 
(N-Methyl-N-ethylmorpholiniurn)+(TCNQ)2- (lb). 

The crystal structure of l b  reveals the presence of 
(TCNQL- dimers stacked along the c axis (Figure 6a).21 
These stacks are assembled into equivalent ac layers 
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Figure5. Top: unit cellof2 showingtheorientationandstacking 
directionofthe crystallographically inequivalent A and B TCNQ 
columns. Bottom: STM image of the ab face of 2 showing the 
patternofLDOS. Although there isagreementofthe STMlattice 
parameters with the X-ray values (Table l), the difficulty in 
acquiring high-quality 2 molecular scale images has rendered 
assignment of this layer impossible. Tunneling conditions: 
setpoint current = 0.21 nA, tip bias = -266.4 mV. 

separated by MEM+ cations to give ...a MEM+.A-. 
MEM+.A-. ... motif. The TCNQ molecules exhibit a one- 
dimensional motif with significant molecular corrugation 
in the ac plane along both the c and a directions (Figure 
6h), reminiscent of the structure of the B layer of la. 
Crystals of lb  exhibit large ac faces which are amenable 
to STM investigation. The general pattern of the LDOS 
observed in the STM data of lb  resembles that expected 
based on the structure of the ac plane (Figure 6c). 
However,theLDOSpericdicityisnearly 15% shorterthan 
thecorresponding lattice parameters determined from the 
X-ray crystal structure data. This discrepancy is signifi- 
cantly larger than the error typically encountered in room 
temperature STM studies, suggesting some reconstruction 
and compression of the surface ac layer. 

Notably, larger scale corrugations with periodicities of 
75-100 A superimposed on the molecularly resolved DOS 
are also observed. This resembles behavior reported 
previously for in which large scale corrugations 
were attributed to elastic deformation of the surface as a 
result of deformation by direct tip-sample interactions or 
contamination-mediated deformation of the sample hy 
the STM tip. These effects would be most significant for 
samples with a small elastic modulus in the direction 

(20) Bechgaard, K. Structure and Properties of Molecular Crystals; 

(21) Baseh, B.; van Badegorn, B. Acto Crystollogr. 1977, B33,3013. 
Pierrat, M., Ed. Elsevier: New York, 1990, p 194. 

(22) (a) Mamin. H. J.; Ganz, E.; Abraham, D. W.; Thornson, R. E.; 
Clarke, J. Phys. Rev. B 1986. 34, 9015. (b) Sole?, J. M.: Baro, A. M.; 
Garcia, N.; Rohrer, H. Phys. Re". Lett. 1986.57, 444. 
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Fignre6. Top: Unit cellof the lb. Middle: Space-filling model 
of the ab surface of the MEM (TCNQh crystal surface. The 
corrugation along c is a manifestation of the ring-external bond 
overlap of the individual TCNQ dimers, while the pronounced 
one-dimensional stacking of the dimers along c produces a 
relatively large corrugation along a. Bottom: STM image of the 
ac face of lb showing the LDOS arising from the position of the 
(TCNQ),-dimers. Large-scale corrugation and point defects (i.e., 
missing molecules) are common observations in the homologous 
systems presented here. Tunnelingconditions: setpoint current 
= 0.59 nA, tip bias = -271.0 mV. 

normal to the surface, as expected for these layered TCNQ 
charge-transfer salts. The observation of the large scale 
corrugations are consistent with the lattice compression 
evident from the LDOS periodicity: the weak interactions 
between ac layers that allow facile tip-induced deformation 
of the layers would not inhibit the reconstruction of the 
surface ac layer to a denser plane with a lower free energy. 
(N,N-Dimethylmorpholinium)+(TCNQ)~- (Mono- 

clinic, lc;Triclinic, la). The dimorphicphase behavior 
of (A’,”-dimethylmorpholinium)+(TCNQ)z- provides an 
excellent opportunityto examine the relationship between 

Duorak et al. 
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b d 

Figure I. (a) Unit cell of monoclinic le. The TCNQ molecules 
form dimer pairs which stack along the c axis and which form 
layers parallel to the ac crystalline plane. Each of the layers are 
crystallographically equivalent and are related to oneanother by 
a mirror plane. (h) Space-filling model of the ac surface of the 
monoclinic DMM (TCNQh polymorph. The packing of the 
individual TCNQ dimers result in the formation of an hexagonal 
network on the ac surface. (c) STM image of the ac surface 
which clearly demonstrates the hexagonal LDOS arising from 
the (TCNQk dimers. (d) Space-filling model of the ac surface 
of le covered with DMM+ cations. The packing of the cations 
results in a partially covered TCNQ surface displaying a 
honeycomb network visible through the cation layers. (e) STM 
imageoftheacsurfacerevealingthe honeycomhnetworkofLDOS 
arising from the cations obscuring the (TCNQ)i dimers. Tun- 
neling conditions far both images: setpoint current = 0.54 nA, 
tip bias = -1145.0 mV. Maximum contrast of tunneling current 
corresponds to 12.0 A. 
STM tunneling characteristics and subtle differences in 
the molecular structure of crystal planes of salta with 
identical stoichiometric composition. The structure of 
monoclinic P21/c IC reveals stacks of (TCNQ)z- dimers 
oriented along the c axis, with the shifted ring-ring 
overlap.z3 The stacks are arranged into crystallographi- 
cally equivalent ac layers, which are related to  each other 
by a mirror plane, these layers separated by layers of 
disordered DMM+ cations (Figure 7a) to  give a 
.... DMM+.A-.DMM+.A-. ... motif. The molecular motif of 
the TCNQ layers, with interdigitated (TCNQ)s- dimers, 
is reminiscent of layer A in la. In contrast, triclinic Pi 
Id possesses (TCNQh- dimers assembled into discrete 
one-dimensional stacks along the c axis, with the TCNQ 
molecules in each dimer related by a ring-over-external 

(23) Kaminga, P.; van Bdegom, B. Acta Cryatallogr. 1980, B37,114. 
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Figure 8. Large-area scan of the ac surface of IC recorded under lower tunneling bias than the data in Figure 7. Two regions (I and 
11) are observed. The different LDOS in the two regions may be attributed to differences in the identity of the ions (i.e., either cations 
or anions) terminating the surface. A height profile across both regions indicates no difference in heights. Tunneling conditions: 
setpoint current = 0.54 nA, tip bias = -1067.5 mV. Maximum contrast of tunneling current corresponds to 9.0 A. The images in the 
smaller panels are Fourier filtered representations of the two different regions. Filtering was performed hy selecting first-order 
frequencies having the highest density amplitude, using the commercially available software provided by Digital Instruments with 
the Nanoscope I1 scanning tunneling microscope. 
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Figure 9. (a, h) Unit cell of the triclinic Id as viewed down the c stacking axis. (e) View of the bc surface layer. Note also the 
asymmetrical placement of the DMM+ cations (hydrogens omitted for clarity) between TCNQ stacks in which the methyl groups of 
the DMM+ cation lie to one side of the cation channel. (d) STM image of the bc surface depicting the LDOS stemming from the 
(TCNQ)idimersalong the e stackingaxis. Minor tunnelingfeatures (indicated hy the arrow) appearing to the left of the major features 
assigned to the TCNQ stacks are attributed to the asymmetric field provided by an enantiotopic set of DMM+ cations. Tunneling 
conditions: setpoint current = 0.21 nA; tip bias = -1759.0 mV. 

bond overlap (Figure 9a).% This results in significant 
molecular corrugation along the c axis. The most notable 

structural feature of the bc plane is the hill-and-valley 
structure traversing the b direction in which the TCNQ - - 
stacks (hills) and DMM+ cations (valleys) repeat with a 
periodicity of b (Figure 9b). It is important to note that 
an inversion center lies between DMM+ cations of adjacent 

(24) (e) steumr, w.; viser, R. J. J.; smsden, s.; D~ B ~ ~ ,  J. L. 
Acta Crystallogr. 1987, B43,567. 
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bc layers. Consequently, the DMM+ cations in a surface 
bc layer belong to an enantiotopic set comprising one-half 
of the inversion related pairs. 

STM Images of IC. Crystals of IC exhibit large ac 
faces which are amenable to STM investigation. Large- 
scale STM images of the ac face of IC typically display 
large, molecularly flat regions separated by steps of 
approximately 22 A, nearly equivalent to the b lattice 
parameter of IC. Images acquired at  higher resolution 
reveal LDOS with a periodicity and orientation in good 
agreement with the X-ray lattice parameters of the ac 
plane (Figure 7c). The LDOS features clearly repeat along 
the c axis a t  intervals of c, identical to the repetition of 
the symmetry equivalent (TCNQ)2- dimers. Defects are 
evident that appear to correspond to missing (TCNQ)2- 
dimers. Interestingly, under identical tunneling condi- 
tions, other regions of the same crystal face display a 
hexagonal network of LDOS resembling a honeycomb 
motif (Figure 7e). The LDOS periodicity in these regions 
also is identical to the X-ray structure lattice parameters 
of the ac plane. The observation of two different STM 
images on the same crystal face is strong evidence that 
one of these images represents an ac face terminated with 
TCNQ anions, whereas the other represents an ac face 
terminated with DMM+ cations. On the basis of com- 
parisons with molecular models of the ac plane and the 
lack of density of states a t  the Fermi level on the DMM+ 
cations, is reasonable to assign the honeycomb motif in 
Figure 7e to cation terminated regions (Figure 7d). The 
cations on the ac surface layer obscure much of the 
underlying TCNQ molecules, and a hexagonal array of 
TCNQ nitrogen atoms exposed in the regions not covered 
by the cations is clearly evident from the model. While 
the mediating effect of the cations on the tunneling current 
is difficult to predict, the hexagonal molecular array is 
consistent with the orientation and periodicity of the LDOS 
observed in the STM images of these regions. Both the 
anion and cation covered regions are stable indefinitely to 
scanning under the conditions employed. 

I t  is interesting to note that the STM images of the ac 
face of IC are highly sensitive to tunneling conditions. 
Smaller bias voltages and setpoint currents afforded images 
with generally poorer tunneling current contrast than the 
images described in the preceding paragraph. However, 
these conditions allowed imaging, in the same frame, of 
regions displaying LDOS that were dramatically different 
with respect to their orientation (labeled I and I1 in Figure 
8). These boundaries between these regions were unstable 
to imaging at  higher tunneling bias and tunneling condi- 
tions. A height profile analysis across regions I and I1 in 
Figure 8 revealed no appreciable difference in heights of 
the two regions. Since the mirror plane is parallel to the 
surface, it is unlikely that these regions result from 
twinning. It is therefore reasonable to suggest that this 
image contains regions terminated in TCNQ anions and 
DMM+ cations. However, in contrast to the data in Figure 
7, the assignment of the LDOS observed under these 
tunneling conditions to either anion or cation terminated 
regions is less clear. Rather, the different LDOS orienta- 
tions may be due to the poorly understood mediation of 
the tunneling current by the cations at  these lower 
tunneling biases and current. It is interesting to note the 
presence of minor tunneling features oriented along the 
[io11 direction, which are not evident in Figure 7. These 
features are suggestive of interstack electronic interaction 
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between TCNQ anions, which are in close proximity along 
[Toll. Close interstack contacts are not present along 
[ lol l ,  consistent with the absence of tunneling features 
along this direction. 

STM Images of Id. Crystals of Id exhibit large bc 
faces which are amenable to STM investigation. The 
tunneling current contrast of the bc face of Id, differs 
substantially from that of the ac face of IC, even though 
both planes can be described as TCNQ molecular layers. 
In the case of Id, clearly distinct hill-and-valley structure 
is observed in the STM tunneling current (Figure 9d). 
The periodicity of the LDOS is in good agreement with 
the X-ray structure lattice parameters of the bc plane, 
although the slightly smaller STM values (ca. 10 7% smaller) 
suggest compression of the surface layer. The corrugation 
of p(r,EF) along the c axis reflects the slipped ring-external 
bond arrangement of TCNQ anions in the dimers, as this 
arrangement results in topographic corrugation along the 
c axis. The more extensive corrugation along the b axis, 
however, reflects the hill-and-valley structure of the TCNQ 
stacks within this plane. The hills observed in the 
tunneling current can be assigned to the TCNQ stacks 
exposed at  the surface plane. The significantly smaller 
tunneling current in the valleys can be attributed to 
adjacent TCNQ stacks recessed from the surface and 
obscured from the STM tip by the DMM+ cations, which 
do not possess a significant DOS at  the Fermi level. 

Close examination of the STM data reveals a set of minor 
tunneling features repeating with the lattice periodicity 
of the bc plane on the left side of the major tunneling 
features which were assigned above to the TCNQ molecules 
closest to the STM tip. These features are consistent with 
the structure of the bc plane, which is enantiotopic under 
the Pi symmetry as a result of the inversion center located 
between the bc planes. In a given bc plane, all the DMM+ 
cations belong to a single enantiotopic set in which the 
cations are oriented asymmetrically on the bc plane (in 
the Pi space group there is no mirror plane or inversion 
center relating the molecules within the bc plane). The 
asymmetry of the minor tunneling feature, therefore, can 
be attributed to the mediation of the tunneling current by 
the asymmetric field of a single enantiotopic set of cations. 

The electronic and magnetic properties of both dimorphs 
IC and Id reflect low structural dimensionality. Both 
compounds exhibit anisotropic conductivity; IC has been 
previously characterized as a low temperature one- 
dimensional Heisenberg chain in which the spin localiza- 
tion on each dimer alternates along the chain, and Id 
exhibits a similar S = '12 antiferromagnet state down to 
approximately 10 K.26 These reports are consistent with 
the one-dimensional LDOS observed for each compound 
in the STM data. 

Concluding Remarks 

These studies clearly demonstrate that STM can provide 
highly resolved images of the crystal faces of crystalline 
1-D organic charge-transfer conductors. The large mo- 
lecularly flat crystal faces are indicative of stable low- 
energy planes, which are a consequence of strong inter- 
molecular bonding (i.e., T-T charge-transfer interactions 

(25) (a) Monoclinic: Schwerdtfeger, C. F.; Oostra, S.; Visser, R. J. J.; 
Sawatzky, G .  A. Solid State Cornrnun. 1981, 39, 1133. (b) Triclinic: 
Kramer, G.  J.; Brom, H. B. J .  Phys. C Solid State Phys. 1988,21,5435. 
(c) Triclinic: Korving, W. H.; Brom, H. B.; De Jongh, L. J.; Oostra, S.; 
DeBoer, J. L. Physica B 1988, 153,66. 
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along the stacking direction and van der Waals interactions 
between the stacks) within these planes, and their minimal 
molecular corrugation. STM can resolve different elec- 
tronic subsystems associated with crystallographically 
inequivalent TCNQ layers, similar to previous observa- 
tions of crystallographically inequivalent TCNQ stacks 
in a single layer. A comparison of the measured STM 
parameters with the X-ray values demonstrates a general 
agreement between the surface and bulk structure. 
However, in some crystals the STM lattice parameters 
are smaller than those expected based on the bulk crystal 
structure, suggesting compression of the exposed surface 
layer. This can be attributed to weak interactions normal 
to the layers, which allows the surface layer to contract 
and lower its free energy. It is interesting to speculate on 
whether such surface reconstruction may influence crystal 
growth, particularly since the macroscopic habit and 
nanoscale topography observed here reflect slow growth 
normal to these faces. 

The tunneling current contrast observed for the exposed 
faces of these salts is consistent with the presence of 
(TCNQ)2- dimers or their associated cations. The presence 
of (TCNQ)2- dimers is consistent with the crystal structure 
of these salts, which reveal dimerized TCNQ stacks. 
Furthermore, the semiconducting properties, magnetic 
susceptibility and electron paramagnetic resonance of the 
(MORPH)+(TCNQ)2- and (VIN)+(TCNQ)2- salts are 
consistent with contributions from 4 k ~  states at room 
temperature, which are a consequence of dimerized stacks 
containing (TCNQ)2- dimers.27 The tunneling current 
contrast will depend upon the nature of the electronic 
states near the top of the valence band (for positive tip 
biases) or near the bottom of the conduction band (for 
negative tip biases). The negative tip biases used in these 
studies implicate states near the bottom of the conduction 
band. Extended Huckel calculations indicate that the 
TCNQ LUMO has significant contributions to the electron 
density from the methylidene carbon (fractional spin 
density6 = 0.19 and 0.11) atoms withsmaller contributions 
arising from the cyano nitrogen atoms (6 = 0.04) and the 
ring carbon atoms (6 = 0.06).13a328 Due to the semicon- 
ducting properties of these materials, which is indicative 
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of localized electronic structure, it is reasonable to interpret 
P(r,EF) of (MORPH)+(TCNQ)2- and (VIN)+(TCNQ)z- 
salts based on a tight-binding approximation using the 
partially occupied LUMOs of the TCNQ molecules as the 
basis, with the largest electronic contribution from the 
methylidene carbon atoms. For the 4 k ~  structure of the 
p = 0.5- charge-transfer salts, these states feature nodes 
between TCNQ dimers, a t  intervals commensurate with 
the stacking axis.l3a However, the tunneling current 
contrast for layers terminated with morpholinium and 
vinamidinium cations will differ substantially as these 
cations are closed shell species which are not likely to 
possess states in the vicinity of EF. This is supported by 
comparison of the electrochemical redox potentials of these 
two species (E'TCNQ~CNQ- = +0.19 V vs SCE in acetonitrile 
whereas the dications are not oxidized or reduced within 
the solvent limits of -2.0 to +2.0 V vs SCE). This is evident 
in the STM data for IC. 

In summary, these studies demonstrate the capability 
of STM to distinguish well-defined electronic subsystems 
in a single material. One must always exercise caution, 
however, when interpreting STM data for these salts, as 
p ( r J f )  may not be directly related to the positions of the 
molecules in the unit cell for one-dimensional semicon- 
ductors in which the Fermi surface has collapsed to a single 
point. However, the good agreement of the STM data 
with the structural and electronic characteristics of the 
TCNQ layers in these charge-transfer salts strongly 
support the assignments given. The observation of 
tunneling current on the layered surfaces indicates that 
electron transfer to TCNQ molecules at these faces is 
feasible and can account for crystal growth during elec- 
trocrystallization. Further, the molecular level STM 
characterization provided by studies and the observation 
of relatively defect-free surfaces with molecular flatness 
over large areas suggests a potential for these materials as 
substrates for nucleation studies and nanoscale STM- 
assisted modification. 

(26) (a) Schwerdtfeger, C. F.; Wagner, H. J.; Sawatzky, G. A. Solid 
State Commun. 1980,35,7. (b) Schwerdtfeger, C. F.;Oostra, S.;Sawatzky, 
G. A. Phys. Rev. E 1982,25, 1786. 
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