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The layered phase MnPS3 and its intercalation compounds Mnl,PS3Gb (G = potassium, 
pyridinium, and tetramethylammonium cations) were examined by atomic force microscopy 
(AFM). These compounds have layers made up of close packed P2SS4- ions with their P-P 
bonds perpendicular to the layer plane. The atomic-resolution AFM images observed for 
these compounds are characterized by two hexagonal patterns, i.e., the regular and 
superstructure patterns of the -3.5 and -6.5 A periods, respectively. This finding was 
interpreted by calculating the total electron density plots of MnPS3 layers in which the P2S64- 
ions tilt slightly from their perpendicular arrangement. The regular pattern is explained 
by the surface sulfur atoms of the topmost layer and the superstructure by the pattern of 
the protruded surface sulfur atoms that results when the PzSs4- ions tilt slightly. The tilting 
of the P z S ~ ~ -  ions may be caused by the guest species present between the layers. 

Introduction 

Since the discovery of scanning tunneling microscopy 
(STMY and atomic force microscopy the 
surfaces of various layered compounds have been 
characterized.6-11 Some of these studies exhibit striking 
features such as charge density waves.12-16 In contrast, 
intercalation compounds have not been extensively 
studied by STM and AFM,17-22 which is due probably 
to  the air sensitivity and poor crystallinity of most 
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intercalation compounds. Investigation of intercalation 
compounds on the atomic scale is potentially important 
for two reasons. First, intercalation allows one to 
chemically modify materials with planar and well- 
characterized surface in a controlled way. STM and 
AFM studies of these materials may help interpret the 
resulting images and hence develop the analytical 
capabilities of these techniques. Second, intercalation 
chemistry may provide a natural way to organize 
surface architecture of molecules that can be used as 
convenient workbenches for a future “molecular elec- 
tronics”. 

Hexathiohypodiphosphates MPS3, where M is a tran- 
sition metal in +2 oxidation state, are layered insulating 
 material^^^-^^ that are available as highly planar 
platelets. MPS3 is intercalated by a variety of molecular 
species, and the resulting intercalation compounds are 
air stable over very long  period^.^^^^^ A wide range of 
M1-xPS3G2r intercalates, where G refers to a monocation, 
can be synthesized via a cation-exchange process in 
which the electrical charge of entering cationic guest 
species G+ is counterbalanced by the loss of some 
intralayer M2+ cations.26,27 This chemistry has been 
extensively developed over the past 10 years, as many 
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revealing a ra ther  weak bonding between MnZf a n d  
P2S6'- ions, which is favorable for facile lattice deforma- 
tions. The  Mn2+ departure results in t h e  occurrence of 
vacancies within the layers, and it has been shown 
recently that these vacancies order t o  form superlat- 
ti~es,3O.~l involving in particular tripling of t h e  a axis 
of t h e  monoclinic uni t  cell. Thus, a symmetry lowering 
accompanies t h e  intercalation. Recent infrared a n d  
Raman studies have shown that the  center of symmetry 
in pristine MnPS3 is removed upon intercalating pyri- 
dine.32 Analysis of t h e  luminescence spectra of inter- 
calated rare-earth cations show strong Stark effects due  
t o  a very low local symmetry.33 The  recent finding of 
strong quadratic nonlinear optical properties of MPS3- 
stilbazolium intercalateszg implies a noncentrosym- 
metrical arrangement of t h e  organic chromophores. 
Therefore it is interesting t o  see if AFM can  be used to 
characterize t h e  symmetry lowering in molecular scale. 

Experimental Section 

Pure MnPS3 was synthesized as already described?' Mono- 
crystalline platelets (about 4 x 4 x 0.05 mm31 were p w n  from 
the vapor phase by heating a stoichiometric mixture of the 
elements at 750 to 780 "C in sealed evacuated quartz ampules. 
Intercalation of potassium (K+I, tetramethylammonium 
(Me4"), and pyridinium (pyH+) ions was performed by 
soaking MnPS3 platelets into an excess of approximately 2 M 
aqueous solutions of KCI, MerNC1, or pyHC1, respectively, for 
about 15 min.'6:'R The intercalated platelets were then rinsed 
with water and dried in air. The samples were finally glued 
on the sample holder and cleaved prior to examination. 

Imaging the sample surface was camed out using a com- 
mercial AFM apparatus (Nanoscope 11) with a contact mode 
(a 100 fim long cantilever of spring force constant of 0.58 Nlm 
and a Si3NI tip). The force employed was about 2.5 :< 10." N. 
The surface of the crystal samples were scanned (10-20 lined 
SI using the height mode, in which the force between the tip 
and the surface is kept constant. All images (400 x 400 pixels1 
were obtained in air at room temperature using a slight high- 
and low-pass filtering during the data acquisition (positions 4 
and 1, respectively, in the Nanoscope softwarel. 
Pure MnPSs. Scanning of a number of pure MnPS3 

samples reveals two types of images, which we referred to as 
the regular and superstructure patterns in the following. An 
unfiltered image of the regular pattern is shown in Figure 2a, 
which displays a hexagonal pattern of spots separated by -3.5 
A.34 The latter is the same as the S-S distance on the surface 
sulfur atom sheet of MnPS,.23.:'5 The two-dimensional (2Dl 
power spectrum of the Fourier transform of this image (Figure 
2bl shows only one repeating period and confirms a near- 
hexagonal symmetry. The observed height corrugation is 
about 1-2 A, which is too large to  be explained by variations 
in the total charge density. It is suggested that frictional forces 
operate with an atomic periodi~ity.".~~-:'~ Images of the 
superstructure pattern are shown in Figure 3. A hexagonal 
pattern of spots can still be observed in direct space, hut the 

0 
e M  

O. 
0 

O w  

e 0 

0 

0 
0 
p2 

0 
0 
p2 

0 

0 
m 
0 
0 
w 

0 
0 

0 
0 0  

p2 

w MI 
0 

0 0  

0 , O  

P- o L O  
0 M NI 

oO. 

0 

0 
0 

NI 

M 

0 
0 

0 

" * I  p2 

o 0  
* c 

b 
Figure 1. Schematic top view of a single M n P 8  layer, which 
consists of close-packed P&- ions. The Mn2+ ions are located 
in the octahedral sites of sulfur atoms (represented by circles) 
generated by every three adjacent PpS? ions. The a and b 
axes of the monoclinic unit cell are shown (a = 6.077 A, b = 
10.524 A). 

of these intercalates have  magnetic, electrical, and  
nonlinear optical properties very different from those 
of the  pure host lattice.zR.29 

In the present work, we report AFM studies of MnPS3 
and intercalation compounds Mnl,PSsG* (G = potas- 
sium, pyridinium, and  tetramethylammonium ions). All 
these materials are insulating, which precludes the i r  
STM characterization. 

Structures of MnPSs and Its Mnl,PSsG* 
Intercalates 

For our later discussion of the AFM images of MnPS3 
phase a n d  Mnl,PS3G* intercalates, it i s  necessary to 
describe the i r  structures. An MnPS3 layer is made u p  
of Mnzf and  PzS6'- ions as schematically shown in 
Figure 1. Two PS3 pyramids of a PZSs4- ion are joined 
by a P-P bond and  arranged in a staggered conforma- 
tion as in staggered ethane CzH6. In each MnPS3 layer, 
the PZS6'- ions have the i r  P-P bonds perpendicular t o  
the layer (see I), t h e  Mn2+ ions are located i n  t h e  

1 2 3 

e.0' B>O' 8< 0' 

octahedral si tes of sulfur a toms formed by three  adja- 
cent PZS6'- ions, and  the surfaces have hexagonally- 
arranged sulfur atoms (Figure 1). The  shortest  Mn- 
Mn or  S-S distance is 3.508 A, and two adjacent P2s6'- 
ions of an MnPS3 layer are separated by 6.077 A. 

Although detailed refined structures of the Mn1,- 
P&G* intercalates are not available, important struc- 
tural aspects a r e  known. The intercalates are quite well 
crystallized, in the  sense that they exhibit X-ray powder 
diffraction patterns with sharp  reflections. Insertion of 
guest  ions and  departure of MnZC ions occur spontane- 
ously at room temperature within a few minutes, 
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2a 3a 

2b 
Figure 2. (a) Unfiltered AFM image (regular pattern) of 
MnPS3 (height mode, 8 x 8 nmr area). (b12D power spectrum 
of Figure 2a. 

period of the superstructure (-6.5 A") is about twice that of 
the regular pattern (i.e., -3.5 AI. 

For MnPS,, images of both the regular and superstructure 
patterns are frequently recorded on a same sample in different 
areas, and sometimes both are observed even on a same scan. 
The unfiltered image of Figure 4a resembles that of Figure 
2a, but its 2D power spectrum (Figure 4b) displays 12 spots 
grouped in two hexagons, the inner one being rotated by 30" 
with respect to the outer one. The outer peaks correspond to 
the regular pattern, and the inner ones to the superstructure. 
The occurrence of the two patterns is not obvious in the 
unfiltered image of Figure 4a but can he seen from an inverse 
Fourier transform based on the 12 intense peaks of the 2D 
power spectrum. For example, the bottom left corner of Figure 
4c shows a superposition of the two patterns. The cormgation 
difference between the bright and dim spots is -0.6 A. 

A series of scans show that 2D power spectra do not always 
possess two imbricated hexagons because two spots of the 
inner hexagon (corresponding to the superstructure pattern 
in real space) are often missing. Some areas of the images 
switch from the regular to the superstructure pattern, and vice 
versa, during scanning, This indicates a delicate dynamical 
modification of the surface. 

Mn,,P%G% (G = K, DYH. Me4N) Intercalates. Fimre 
5a shows an unfiltered-image obtained for a platelet of 
Mn,,PSzKU. The image appears somewhat noisy but has an 
atomic scale resolution, and its 2D power spectrum displays 
peaks made up of two imbricated hexagons (Figure 5b). These 
hexagons correspond to the regular pattern (outer one) and 
the superstructure pattern (inner one) already observed for 

3b 
Figure 3. (a) Unfiltered AFM image (superstructure pattern) 
of MnPSI (height mode. 6 x 6 nmz areal. Ibl2D power spectrum 
of Figure 3a. 

pure MnPSa. The peaks of the inner hexagon are intense, and 
two peaks of the outer hexagon are weak or even missing in 
some cases. The inverse Fourier transform based on the 
twelve bright spots of the 2D power spectrum clearly shows a 
superposition of the two hexagonal patterns with different 
brightness (or, equivalently, heights; Figure 50. The bright 
spots are separated by -6.5 A, and the dim ones by -3.5 A. 
These periods observed for Mnl.,PS3KU are the same as those 
found for pure MnPSz, but the contrast between the bright 
and dim spots is more pronounced for the potassium inter- 
calate, A similar image is obtained for many different samples 
of Mnl.,PSJKU, and the nature of the image does not change 
with time, in contrast to the case of pure MnPS, samples. 
Images obtained for Mnl..PSdpyH)a are very similar to those 
recorded for Mn,.,PSIKU. Images obtained for Mnl,PSr 
(MenN)U are shown in Figures Ea (unfiltered image), 6b (2D 
power spectrum), and 6c (filtered image). The image of Mn,. 
.rPS3(Me4N)~ (Figure 6c) has triangles of one dim and two 
bright spots (with the height difference of about 0.8 A). This 
is different from the superstructure patterns of MnPSs, 
Mn,,PS3Ka, and Mn,,PSdpyH)u, which have triangles of one 
bright and two dim spots. 

Discussion 

It is important t o  examine how the regular a n d  
superstructure patterns of the AFM images can  be 
explained. We first consider the superstructure pattern 
of the -6.5 .& period observed for Mnl,P&K& (Figure 
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6c 
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6a 6b 
Figure 4. (a) Unfiltered AFM image of MnPSs possessing both the regular and superstructure patterns (height mode, 8 x 8 nm2 
area). (b) 2D power spectrum of Figure 4a, where 12 peaks form two imbricated hexagons. The other peaks arise from noise or 
instrumental effects. (c) Filtered image of MnPSs obtained by an inverse Fourier transform retaining only the twelve peaks of the 
two hexagons in Figure 4b. Figure 5. (a) Unfiltered AFM image of Mnl,PSsKu (height mode, 8 x 8 nmz area). (b) 2D power 
spectrum of Figure 5a, where 12 peaks form two imbricated hexagons. (e) Filtered image of Mnl,PS3Ku obtained by an inverse 
Fourier transform retaining only the 12 peaks of the two hexagons in Figure 5b. Figure 6. (a) Unfiltered AFM image of 
Mnl,PSdMehN)u (height mode, 6 x 6 nm2 area). (b) 2D power spectrum of Figure 6a, where eight bright peaks form an inner 
lozenge imbricated in a slightly distorted rectangle. (c) Filtered image of Mnl,PSs(Med% obtained by an inverse Fourier transform 
retaining only the eight peaks of Figure 6b. 

5c). One might speculate these spots to represent 
potassium cations sitting in an ordered way on  top of 
the surface sulfur atoms, b u t  this possibility is ruled 
out because a similar image is also observed for MnPS3 

and  Mnl,PSa(pyH)%. An alternative possibility is that 
all (bright and dim) spots of Figure 5c represent the  
surface sulfur atoms, with certain sulfur atoms pro- 
t ruded in a periodic way to  make  the superstructure 
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Figure 7. Corrugations in the surface sulfur atoms of an 
MnPS3 layer expected when the PzSs2- ions tilt. The more 
protruded sulfur atoms are indicated by larger circles, and the 
three sulfur atoms belonging to a PSa pyramid are joined by 
lines: (a) 8 > 0" and (b) B < 0'. 

pattern. Within the experimental error of distance 
measurements,3' the -6.5 8, period of the superstruc- 
ture is identical with the a parameter of the lattice (6.1 
A, Figure 1). As already pointed out, when every PZSG~- 
ion is arranged with its P-P bond perpendicular to the 
MnPS3 layer (see l), the surface sulfur atoms form a 
hexagonal lattice (Figure 1). Since each P2Ss4- ion is a 
covalently bonded unit, it  is natural to consider its 
tilting motion as a rigid body. If the P-P bond of each 
P2Ss4- ion tilts as indicated in 2 (tilt angle 8 > 0"). one 
of the top three sulfur atoms of PZSs4- becomes more 
protruded than the remaining two, thereby leading to 
the surface sulfur atom corrugation shown in Figure 7a, 
where the more protruded sulfur atoms form a super- 
structure of the -6.5 A period. For the tilting 3 of the 
PzSs4- ions (tilt angle 8 < O"), two of the top three sulfur 
atoms of P2Ss4- are more protruded than the remaining 
one, so that the more protruded surface sulfur atoms 
form a superstructure of the -6.5 A period shown in 
Figure 7b. For the tilt angles 8 = *lo0, the surface 
sulfur atom corrugation has a height difference of -0.5 
A. 

An AFM image of a surface obtained with a contact 
mode is described by the total density plot of the surface, 
e(r0). The latter is the surface electron density resulting 
from all the occupied energy levels (since all electrons 
are involved in the repulsive interactions with the tip) 
and evaluated at the tip-to-surface distance eo. Re- 
cently, AFM images of numerous layered 
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Figure 8. Total electron density plots e(rd of an MnPS3 layer 
calculated for three different tilt angles of the P&- ions: (a) 
8 = O", (b) 8 = lo", and (e) B = -10". The surface sulfur atoms 
are represented by large circles, the phosphorus atoms by 
medium circles, and the Mn abms by small circles. The plot 
area covers four unit cells, one of which is indicated by a 
rectangular box, The contour lines used are 0.2,0.1,0.05,0.01, 
and 0.005 electrondau3. For our calculations, ro was taken to 
be 0.5 A from the most protruded surface atoms, as in refs 37 
and 38. 

have been successfully analyzed on the basis of the 
e(ro) plots calculated by the extended Hiickel tight- 
binding (EHTB) electronic band structure methodj2 In 
the present work, we calculate the electronic band 
structures of single MnPS3 layers with three different 
tilt angles 0 = +lo", o", and -10" by employing the 
atomic parameters of the earlier studJP3 and subse- 
quently calculate the corresponding e(r0) plots (Figure 
8). In these plots, density distributions are centered on 
the surface sulfur atoms, the more protruded sulfur 
atoms have a greater density, and the density patterns 
closely resemble the topography of the surface sulfur 
atoms. Therefore, the regular pattern is assigned to the 
surface sulfur atoms. The superstructure observed for 
Mnl,PS& (G = K, pyH) is explained by the protruded 
sulfur atoms for a positive tilt angle 8, and that for 
Mnl,PSs(Me4N)u, by the protruded sulfur atoms for a 
negative tilt angle 8. 

The tilting of the P2Ss4- ions in the topmast layers of 
the Mn1,PS3Ga (G = K, pyH, Me4N) intercalates may 
be caused most likely by the hydrated guest cations G+ 
(perhaps also some Mn2+) present between the adjacent 
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MnPS3 layers and also possibly by the effect of Mn2+ 
site vacancies. Then, what can be a cause for the 
superstructure image also observed for pure MnPSs? On 
the basis of the crystal structure of MnPS3, only the 
regular pattern of sulfur atoms is expected to be seen 
as in Figure la. We speculate that a tilting of the P2Ss4- 
ions in pure MnPS3 can occur when water molecules 
from air are inserted between the top adjacent MnPS3 
layers of the sample. It is expected that the P2Se4- ions 
of the topmost layer undergo a tilting motion to accom- 
modate the guest species lying below, which is not 
dificult energetically because the Mn2+ and and P2Ss4- 
ions are not strongly bound as pointed out earlier. 
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needed before we can suggest a precise model. 
The high resolution of the images shown in this work 

might suggest that the imaging mechanism involves a 
lone atom at the end of the tip, which gently traces out 
the contours of the sample.“ However, regarding the 
strong repulsive force applied (m2.5 x lo-* N) and the 
contact mode employed to image the surface, a single 
atom tip would probably pierce the topmost slab.45,46 It 
is therefore likely that a quite large contact area is 
involved in the imaging mechanism.47 One possibility 
is that nanoflakes of the top layer are broken off by the 
tip and dragged along the next layer, as suggested in 
the Pethica’s sliding contact model of graphite imag- 
ing.* Therefore, it cannot be definitely ruled out that 
the superlattice images could arise from the imaging 
mechanism itself. It is worthwhile recalling here that 
no general theory of the imaging mechanism in AFM is 
available at present.49 Nevertheless, we have some 
reasons to  believe that the images obtained in this work 
describe actual features of the materials, whatever the 
mechanism may be. Thus, the images of the top layer 
of pure MnPS3 (such as Figure 2a) perfectly reproduce 
the pattern expected from the already known crystal- 
lographic structure (hexagonal array of sulfur atoms 3.5 
A apart). In contrast, scanning a Mnl,PS3K% inter- 
calate always gives the image shown in Figure 5 with 
the superstructure and neuer gives an image such as 
Figure 2a. Therefore, this is a difference that goes along 
with the chemical change carried out (intercalation) and 
that is highly reproducible. In addition, the images 
obtained are reasonably consistent with the body of 
results already known regarding the structural, physi- 
cal, and chemical properties of these compounds (X-ray 
evidence for superstructure, occurrence of intralayer 
vacancies which obviously can be a source for distor- 
tions, lowering of symmetry associated with inter- 
calation, as described above). Therefore, we are confi- 
dent that the various images decribed in this work 
provide direct evidence on the atomic scale for genuine 
modifications that actually occur in the compounds. We 
even think that the the possibility offered by inter- 
calation chemistry to image a material that can be 
modified in a controlled manner can help theoreticians 
to design new models for imaging mechanisms in AFM. 

Concluding Remarks 
Atomic-resolution AFM images of MnPS3 and its 

intercalation compounds Mnl,PS3G% (G = K, pyH, 
M e a )  are characterized by two hexagonal patterns. The 
regular pattern of the -3.5 A period is explained by the 
surface sulfur atoms of the topmost layers, and the 
superstructure of the -6.5 A period by the protruded 
surface sulfur atoms that occur when the P2Ss4- ions 
tilt slightly from the perpendicular arrangement. The 
tilting of the P2Ss4- ions in the topmost layer may be 
caused by the guest species (e.g., Mn2+ and G+ ions or 
water molecules) lying below between the layers. Two 
slightly different superstructure patterns are generated 
depending on whether the tilt angle 8 is positive or 
negative. The superstructures of Mnl,PS3G% (G = K, 
pyH) are explained by 8 > O”, and those of Mnl,PS3- 
(Mea)% by 8 0”. These “superstructures” due to the 
protruding S atoms do not imply any change in the a 
and b “in plane” parameters of the monoclinic unit cell 
of the host lattice. The a parameter is about 6.1 A, 
which is equal to the separation between protruding S 
atoms. Therefore the present AFM results provide the 
first clear evidence for a “subtle” modification of the host 
lattice under the influence of intercalation. Only a 
refined X-ray structure determination of the intercalate 
could bring such information, but it is extremely difficult 
or impossible to get monocrystals of intercalates having 
sufficient quality to allow such a study. 

Our results are consistent with the previous observa- 
tions that intercalation of MPS3 lowers the symmetry 
of the lattice27t30,31 and allow us to suggest a structural 
model to explain our recent result27 that the stilbazo- 
lium intercalates of MPS3 possess strong spontaneous 
second-order NLO properties. The latter implies a 
noncentrosymmetrical arrangement of the chromophores 
and hence an alignment of their dipoles. Tilting the 
PzSe4- ions obviously lowers the symmetry of the host 
lattice. The dipole moments of the PS3 pyramids then 
become tilted all along the same direction, so that they 
add up along this specific direction. This process would 
generate an “internal” electric field in a specific direction 
in the close vicinity of the layer, which might be 
responsible for poling the dipolar chropmophores. The 
electric field caused by tilting the P2Ss4- may be either 
reinforced or cancelled depending on how the adjacent 
slab is shifted and oriented with respect to the first one. 
However, AFM has an intrinsic limitation that it can 
give direct information only about the top layer. Fur- 
ther studies about the stacking mode are therefore 
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