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Understanding and Manipulating Inorganic Materials 
with Scanning Probe Microscopes 

Charles M. Lieber,* Jie Liu, and Paul E. Sheehan 

Scanning probe microscopies, such as 
scanning tunneling microscopy and 
atomic force microscopy, are uniquely 
powerful tools for probing the micro- 
scopic properties of surfaces. If these mi- 
croscopies are used to study low-dimen- 
sional materials, from two-dimensional 
solids such as graphite to zero-dimen- 
sional nanostructures, it is possible to 
elucidate atomic-scale structural and 
electronic properties characteristic of 
the bulk of a material and not simply the 
surface. By combining such measure- 
ments with chemical synthesis or direct 
manipulation it is further possible to 
elucidate relationships between compo- 

sition, structure, and physical proper- 
ties, thus promoting an understanding 
of the chemical basis of material proper- 
ties. This article illustrates that the com- 
bination of scanning probe microscopies 
and chemical synthesis has advanced 
our understanding of charge density 
waves, high-temperature superconduc- 
tivity, and nanofabrication in low-di- 
mensional materials. This new approach 
to studying materials has directly con- 
tributed to our knowledge of how metal 
dopants interact with charge density 
waves and elucidated the local crystal 
chemistry of complex copper oxides, 
microscopic details of the superconduct- 

ing states in materials with a high 
superconducting transition I,, and new 
approaches to the fabrication of multi- 
component nanostructures. Coupling 
scanning probe microscopy measure- 
ment and manipulation with chemical 
synthesis should provide an approach to 
understanding material properties and 
creating complex nanostructures in gen- 
eral. 
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1. Introduction 

An important goal of condensed matter research is to under- 
stand how microscopic or atomic level structural and electronic 
characteristics of a solid determine observable properties like 
superconductivity and magnetism. This goal is motivated by the 
recognition that such an understanding will enable scientists to 
design bulk solids and nanostructures having predictable prop- 
erties rationally. For chemists, instrumental methodologies that 
provide a real-space picture of the connectivity of atoms in a 
solid or of the local electronic structure are perhaps most ap- 
pealing, since our training in chemistry typically focuses on the 
direct analysis of the properties of isolated molecules and 
macromolecules and not the inverse (that is, reciprocal space) 
analysis of periodic ensembles of atoms and molecules. Further- 
more, real-space probes are required to assess the intrinsic struc- 
tural and electronic properties of very small material structures 
that are a focus of the burgeoning area of nanotechnology. 

Scanning tunneling microscopy (STM), atomic force mi- 
croscopy (AFM), and other scanning probe microscopies 
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(SPMs) are uniquely powerful tools for probing the micro- 
scopic properties of materials." - I z 1  STM can be used to probe 
the surface structure and electronic states of conducting and 
semiconducting materials directly on the atomic scale," - 3. '1 

while AFM can be used to assess the structure and elastic 
properties of insulators, semiconductors, and conductors at 
the nanometer scale.[2'4-6,10-12] SPM s are also effective tools 
for manipulating matter on the atomic to nanometer scales 
and for constructing individual nanostr~ctures.[~- ''* 1 3 *  141 

Additionally, these techniques represent one of the best ap- 
proaches for relating nanoscale structures to the world we can 
visualize. 

SPMs are, by their very nature, highly surface-sensitive tech- 
niques. The ability to probe the uppermost layers of a material 
is an important advantage in studies of very small supported 
structures, such as nanocrystals on surfaces, and in fundamental 
investigations of growth and catalysis on metal and semicon- 
ductor surfaces.["- ''1 Su rface sensitivity can, however, be a 
severe limitation in studies designed to probe the bulk properties 
of a material. For example, the coordinatively unsaturated sur- 
face atoms of three-dimensional (3D) solids typically adopt a 
different geometrical arrangement from those in the bulk (that 
is, they reconstruct). However, highly anisotropic materials- 
for example, layered solids possessing strong covalent bonding 
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in two-dimensional (2D) sheets with weak noncovalent bonds 
holding these layers together-cleave preferentially along 
planes defined by the weak noncovalent bonds. The coordina- 
tion of atoms at  the surface cleavage plane in such low- 
dimensional solids is similar to that in the bulk, since the 
covalent bonding is unchanged, and thus these surfaces d o  not 
reconstruct. SPM studies of such low-dimensional materials 
offer the opportunity of probing atomic level structural and 
electronic properties that are representative of the bulk of a 
material. 

Low-dimensional solids offer a great richness and complexity 
of physical phenomena that make them generally an important 
focal point of condensed matter research. For  example, many 
two-dimensional and one-dimensional metal chalcogenide ma- 
terials exhibit complex charge density wave and spin density 
wave phases, and furthermore, the layered structure of the cop- 
per oxide superconductors is central to the high-temperature 
superconductivity that these materials exhibit. This review high- 
lights first the application of SPM techniques to understanding 
fundamental properties of low-dimensional inorganic materials 
that exhibit charge density wave and superconducting states. By 
utilizing these microscopies often combined with systematic 
chemical modifications, new and unique insight into the proper- 
ties of these materials has been gained that goes far beyond that 
obtained with more conventional approaches. Secondly, this 
review will also focus on the use of SPMs to manipulate inor- 
ganic systems. Direct manipulation of atoms and clusters en- 
ables the construction of new low-dimensional materials- 
nanostructures-that can then be investigated by SPM 
techniques in a nonperturbative mode. 

C.  M. Lieber et al. 

2. Background : Scanning Probe Microscopies 

2.1. Scanning Tunneling Microscopy 

The scanning tunneling microscope was invented by Binnig 
and Rohrer in the early 1 9 8 0 ~ ~ ' ~  and is now a widely used tool 
in many fields of research.['-'61 Here we briefly review key 
features of STM and the theoretical underpinning necessary to 
understand the investigations discussed below. The basic design 
of a scanning tunneling microscope is illustrated in Figure 1. 

Fig. 1.  Schematic diagram of a scanning tunneling microscope. 

The essential components include a sharp metal tip, which acts 
as the local probe, a sample with a conducting surface, a system 
for positioning the probe in the x, y, and 2 directions that uses 
piezoceramic drivers, a feedback loop for controlling the separa- 
tion between tip and sample with subangstrom precision, and an 
overall controller that drives the scanner while recording the 
surface image. 
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Scanning Probe Microscopes REVIEWS 

The underlying basis for the operation of the microscope is 
electron tunneling between a sharp metai tip and a conducting 
sample." - 3 1  When the tip and sample are brought sufficiently 
close ( 5 -  10 A).  their wave functions can overlap. If a bias 
voltage U is then applied to the sample, a tunneling current I 
will flow between the sample and tip. Electrons will tunnel from 
filled electronic states in the tip to empty states in the sample 
when U is positive, and from filled sample states to empty tip 
states when U is negative. The tunneling current that flows when 
U is applied varies exponentially with the tip-sample separa- 
tion, and for typical work functions decreases tenfold for an 
increase of one angstrom in separation. The strong exponential 
dependence of the tunneling current on distance enables STM to 
achieve high vertical resolution. An atomic resolution map of 
the surface can then be generated by rastering the tip over the 
sample with control in the angstrom range provided by the 
piezoceramic positioners. Under favorable conditions, a vertical 
resolution of hundredths of an angstrom and a lateral resolution 
of about one angstrom can be achieved. 

There are two principal modes of surface imaging with the 
STM: constant current and constant height. In the constant 
current mode, the feedback loop controls the vertical position of 
the tip above the sample so that l i s  equal to a reference current 
at all coordinates on the surface. Features in constant current 
mode images thus correspond to vertical displacements of the 
positioner needed to maintain a constant tunneling current. In 
constant height mode imaging the tip height above the surface 
is constant, and images correspond to the variation of I with 
position. Since the feedback loop does not respond to  rapid 
height variations in this mode, it is possible to scan a t  a higher 
rate than in the constant current mode. The constant height 
mode is. however, limited to flat samples. 

To interpret STM data requires an understanding of the re- 
sponse of the tunneling current to a number of factors, including 
applied voltage, tunneling barrier height, and the sample's elec- 
tronic structure.[2e* 31 As first discussed by Tersoff and Hamann, 
an expression for I can be readily derived by using perturbation 
theory to treat the interaction between sample and tip wave 
functions.'"] In the limit of small bias voltage and low temper- 
ature this treatment yields Equation (a), where M,, is the tunnel- 

ing matrix element between wave functions on the tip (YJ and 
sample ( Y J .  As shown by bar deer^,"^] the tunneling matrix 
element can be written as Equation (b), where the integral corre- 

hl,, = (hz/2m) 1 (YfVY, - Y,VYf)dS (b) 

sponds to a surface within the barrier region between the sample 
and tip. To evaluate M,, in a way that the resulting expression 
for I can be compared quantitatively to STM images in general 
(that is, not for one specific choice of sample and tip) requires 
several approximations. Tersoff and Hamann showed that by 
assuming that the tip forms a locally spherical potential well 
with only s-wavefunctions, I could be expressed as (c). 

By definition the summation is the local density of sample 
electronic states, p(ro,E), at  the center of curvature of the tip 

Thus, constant current images correspond simply to contours 
( 4 .  

of constant density of sample electronic states. 

It is useful to consider the effect of the approximations made 
in deriving (d). Treatment of the tip's potential as spherical is 
reasonable, because although the experimental tip shape is gen- 
erally unknown, it probably terminates in a cluster of atoms; 
that is, the tip is approximately spherical. The s-wavefunction 
approximation for the tip is even more significant, because it 
leads to a cancellation in Equation (b) which makes I dependent 
only on the square of the sample wavefunction with no contri- 
bution from the tip. Tersoff has examined more general descrip- 
tions of the tip and found that constant current images still 
correspond to contours of constant density of sample electronic 
states for metals.rz0* 211 STM images of semiconductor surfaces 
a t  low U could, however, deviate significantly from this simple 
picture, since only a small pocket of the surface Brillouin zone 
contributes to the tunneling. This deviation is limited, however, 
to the lowest Fourier component of the image, and thus the 
model of the tip approximated by an s-wavefunction may still be 
used in many cases to  interpret images at  higher bias voltages. 
While these results indicate that the assumptions used to derive 
(d) are reasonable, it is important to  develop further theoretical 
models so that data can be quantitatively interpreted.@, 22]  

The dependence of the tunneling current on applied bias 
voltage, which corresponds to tunneling spectroscopy, can 
probe the local density of electronic states versus energy, since 
Zis proportional to the local density of states. For finite voltages 
(c) can be rewritten as (e), where T(E,eU) is the transmission 

I - Jp( r ,E)  T( E,e U)dE (el 

probability that takes into account the energy-dependent wave- 
function decay. This expression incorporates the assumption 
that the density of tip states does not vary significantly with 
energy. In the limit of small bias, dI jdU is proportional to the 
density of states; however, for finite bias the exponential depen- 
dence of T(E.eU) on U becomes important. This exponential 
dependence can be effectively removed by normalizing dI/d U by 
U / P 3 ]  [expression (f)] . 

(U/I)dI/dU - LDOS 

Comparisons of the local density of states data obtained by 
STS with photoemission and inverse photoemission results 
show that the approximations made in arriving at (f) are reason- 
able. 

2.2. Atomic Force Microscopy 

The atomic force microscope, which was invented several 
years after STM,['O1 is now perhaps the most widely used probe 
microscopy t e ~ h n i q u e . [ ~ - ~ .  ' *', 241 Th e underlying basis for 
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force microscopy is similar to a simple prof i l~meter ; [~~I  that is, 
the forces on a probe tip attached to a cantilever are detected 
and plotted as a sample is scanned beneath the tip. The magni- 
tude of the load in force microscopy is, however, many orders of 
magnitude smaller than those applied with a conventional pro- 
filometer: to versus N. The combination of 
small loads with sharp tips enables AFM to image at close to 
atomic resolution. Importantly, force microscopy can, in prin- 
ciple, be used to probe the structure of any solid material, be it 
a conductor, an insulator, or a living cell, since this technique 
relies solely on the mechanical interaction between the tip and 
sample. 

The basic design of a modern force microscope is illustrated 
schematically in Figure 2. The essential components that differ 

sample 

Fig. 2. Illustration of a force microscope that utillizes optical detection 

from those shown for the tunneling microscope (Fig. 1) include 
an integral tip-cantilever assembly and optical detection system 
that measures the cantilever deflection. Since the cantilever 
(spring) deflection is linearly related to the force, the experimen- 
tal signal is a measure of the force. In operation, variations in 
the cantilever position, which result from sample topography 
and/or differing sample- tip interaction, lead to a deflection of 
the laser beam on a quadrant photodiode detector. By measur- 
ing the vertical (A- B) and horizontal (C - D) displacements on 
the photodiode it is possible to extract both normal and lateral 
forces. Furthermore, if the normal and lateral spring constants 
of the cantilever are known, it is possible to quantify these forces 
from the measured cantilever displacement~.[~~1 

There are several common modes of imaging in contact- 
mode force microscopy, including constant normal force and 
lateral force. In the constant-force mode, which is analogous to 
constant-current mode of STM, the feedback loop controls the 
vertical position of the sample so that the cantilever displace- 
ment and hence normal force is constant at all points on the 
surface. Features in images recorded in constant-force mode 
thus correspond to vertical displacements of the positioner 
needed to maintain a set force between the cantilever - tip assem- 
bly and sample surface. In the lateral-force mode, the frictional 
or lateral force between the tip and sample is mapped as a 
function of x, y coordinates for a constant applied load. Thus, 
the constant-force mode of imaging provides a good measure of 
surface structure, while the lateral-force mode provides indirect 
information about variations in surface composition (reflected 
by variations in friction). 

3. Quasi-Two-Dimensional Transition Metal 
Dichalcogenides 

3.1. Basic Structure 

The dichalcogenides of transition metals of Groups IV, V, and 
VI have layered structures in which the transition metal (M) 
occupies either octahedral or trigonal prismatic sites between 
two layers of hexagonal close packed chalcogenide atoms (X). 
The X-M-X sandwiches are then stacked in a direction perpen- 
dicular to the chalcogenide layer to complete the structure.[26] 
The octahedral coordination of Ta atoms in lT-TaS,[*] is sche- 
matically shown in Figure 3. In general, the X-M-X layers are 
held together by strong covalent or ionic bonding, whereas the 
interactions holding the layers together are much weaker disper- 
sion forces. These materials cleave readily between the weakly 
bonded layers to yield free surfaces that are structurally and 
electronically similar to the bulk material.”. 8.  26-291 

Fig. 3. Schematic side view (left) and top view (right) of 1T-TaS,. White bonds 
between yeflow sulfur and magenta tantalum atoms highlight the octahedral coordi- 
nation oftantalum. In the top view, the upper sulfur layer (solid yellow), tantalum, 
and lower sulfur layer (yellow with black lines) are superimposed. 

3.2. Charge Density Waves 

The d’ transition metal dichalcogenide materials exhibit rich 
temperature-dependent structural and electronic properties. 
Electronically, the partially filled t,, conduction band in a d‘ 
system should give rise to metallic conductivity. Indeed, at high 
temperatures the compound 1 T-TaS, is metallic; however, on 
cooling below 543 K IT-TaS, exhibits four distinct tempera- 
ture-dependent charge density wave (CDW) states.[” 27s ’s] A 
schematic diagram of the CDW and atomic lattice in 1T-TaS, is 
shown in Figure 4. In general, CDWs are found in low-dimen- 
sional systems that exhibit significant Fermi surface nesting 
(nesting refers to the condition that a piece of the solid’s Fermi 
surface may be translated and superimposed on another piece 
by a wave vector 4). Fermi surface nesting leads to a divergence 

Fig. 4. Cross sectional view of a CDW (sinusoidal red line) in a single layer ofTdS,. 

[*I The notation 1T indicates the polytype in which all tantalum atoms are octahe- 
drally coordinated. 
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in tlic elcctronic susceptibility a t  the q, and through electron- 
phonon coupling can yield a stable periodic modulation of the 
atomic Iatticc and of the electron density in the conduction 
bond: that IS. ii CDW. The wavelength (if of the CDW is gov- 
erned by q. Since i. is determined by the Fermi surface size 
through q, i t  might not correspond to an integral number of 
lattice constants (nu). In the case where i # n u  the CDW is 
called incommensurate; however, when 7. = na it is commensu- 
rate. 

Prior to the advent of STM the structure of the CDW phases 
in TaS, and other materials had been investigated by X-ray and 
electron diffraction methods. These techniques showed in IT-  
TaS, that the high temperature CDW was incommensurate, and 
that for T < 183 K the CDW rotated 13.9" relative to the atomic 
lattice to become cornmens~rate . [~ '  -291 The real-space struc- 
tures of these phases are illustrated schematically in Figure 5. 

Fig 5 Schematic top view's of the incommensurate (a) and commensurate (b) 
CDW phascc in IT-TaS,. The CDW maxima are indicated by pink-shaded circles 
and the atomic I:ittice by yellow spheres. 

The CDW superlattice of both phases has a regular hexagonal 
symmetry. In the incommensurate phase the peaks of CDW are 
located randomly relative to the atomic lattice. In the commen- 
surate phase, the CDW superlattice rotates 13.9" relative to the 
atomic lattice and expand by 2 %  with the result that each CDW 
maximum is oriented over a similar atomic lattice site. Unfortu- 
nately it was not possible to resolve the structures of the inter- 
mediate-temperature nearly-commensurate and triclinic nearly- 
commensurate CDW phases by means of diffraction techniques. 
These two phases had been suggested to exhibit either uniformly 
incommensurate structures or domainlike structures.[30* 3 1 1  

The first application of STM to CDWs was carried out by 
Coleman and co-workers in 1985.[321 Significantly, this work 
showed that the charge modulation of a CDW and atomic lat- 
tice could be viewed simultaneously in real space. In addition, 
comparison of early STM data with previous diffraction results 
demonstrated that the surface-sensitive STM experiment truly 
reflected the bulk properties of IT-TaS, . [ 3 2 3 3 3 1  The ability of 
STM to determine simultaneously both CDW and atomic lattice 
positions has subsequently been exploited to resolve the compli- 
cated structural details of the intermediate-temperature CDW 
phases in TaSz that previously could not be determined by dif- 
fraction techniques.". '. 34 381 

STM studies of the real-space structure of TaS, a t  room tem- 
perature showed that the nearly-commensurate CDW phase 
adopts a novel. hexagonal, domainlike structure, in which there 

is a periodic variation in 
the CDW amplitude that 
occurs on a wavelength 
much larger than the 
CDW wavelength i 
(Fig. 6).[341 In images of 
large areas the CDW 
maxima (Fig. 6a ,  filled 
white circles) define a reg- 
ular hexagonal superlat- 
tice with an average wave- 
length that is consistent in 
diffraction and STM 
measurements. The am- 
plitude of the CDW maxi- 
ma further exhibits a 
larger periodic modula- 
tion that defines domains 
consisting of relatively 
high-amplitude CDW 
maxima separated by 
lower amplitude domain 

Fig.6. STM images of IT-TaS, at room 
temperature: a) 50 x 50 nm' surface show- boundaries. The 

circular, high-amplitude ing CDW maxima and domains; b) atomic- 

domains are arranged in a 
hexagonal superstructure 
with a period of approximately 70A at  room temperature. 
Hence, the nearly-commensurate CDW exhibits a fascinating 
hierarchy of structures : the hexagonal atomic lattice with period 
3.35 A, the fundamental hexagonal CDW lattice with period of 
about 12 A, and the hexagonal domain superlattice with period 
70 A. 

Images with atomic resolution of the nearly-commensurate 
phase have provided further insight into the complex structure 
of the domain phase; four domains are highlighted by white 
circular lines in Figure 6 b. This image shows well-defined phase 
shifts of one atomic lattice period between the CDWs in adjacent 
domains:[34. 3 5 ,  381 the green lines indicating the CDW direc- 
tions in adjacent domains have a one-atom mismatch. The 
abrupt changes in CDW phase are clear in real-space images, 
but are quite difficult to detect in diffraction measurements. 
Furthermore, the high-resolution images show a similar ar- 
rangement of atoms a t  each CDW maximum within a domain, 
thus indicating that the CDW is approximately commensurate 
(see for example, schematic representation in Fig. 5 )  in the do- 
mains. Because the actual angle between the atomic lattice and 
CDW superlattice can be measured, such images also enable the 
issue of commensurability to  be addressed quantitatively. Sig- 
nificantly, these measurements showed the angle within single 
domains was that expected for a commensurate CDW (approx- 
imately 13.9"). Taken together, these STM studies unambigu- 
ously resolved the long standing controversy about the structure 
of the nearly-commensurate CDW phase in IT-TaS, . 

Temperature-dependent SPM measurements are also impor- 
tant for probing CDW phases in the transition metal dichalco- 
genides further, since temperature variations can be used to 
assess melting and other phase transitions.[33. 3 5 .  361 STM stud- 
ies of the nearly-commensurate phase in IT-TaS, first demon- 
strated the power of such measurements.[35] Images recorded 

resolution imge of four domains. 
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between 200 and 350 K exhibit the hexagonal CDW domain 
structure described above. The period of the domain structure 
was found to undergo a remarkable and unexpected change 
with temperature decreasing from 100 8, at  200 K to approxi- 
mately 60 8, at  350 K (Figs. 7a-c). At still higher temperatures. 
there is an abrupt loss of the domain structure as the true incom- 
mensurate phase is formed (Fig. 7 d). Significantly, the decrease 
in domain size appears similar to  a second-order melting transi- 
tion as the sample temperature is raised; however, it is impor- 
tant to point out that this corresponds to melting of an electron- 
ic (CDW) lattice and not the atomic lattice. 

Fig. 7 STM images of IT-TaS, recorded at sample temperatures of241 (a). 298 (b).  
349 (c), and 357 K (d)  The imaged surfaces are 30 x 30 (a). 17.5 x 17.5 (h ) .  and 
15.5 x 15 5 nmL(candd).Theinsetsinb)andc)are30x 30 nin’.Thedomainccnter 
positions for an ideal hexagonal structure are marked with white dots in a ) .  

3.3. Role of Metal Substitution 

From a chemist’s perspective one of the most exciting areas of 
SPM-related materials research is that focusing on understand- 
ing how chemical substitutions or  doping affect the structural 
and electronic properties of a solid at the atomic level. In the 
specific case of materials with CDWs, the crucial issue is to  
understand how a CDW interacts with the metal impurities 
doped into the atomic lattice, since the nature of the interaction 
between impurities and a CDW controls both the static and 
dynamic properties of the CDW ~ t a t e . [ ~ ” ~ ~ ]  CDW pinning can, 
in general, be classified as either strong o r  weak depending on 
the competing energetics of the CDW -impurity interaction and 
the CDW deformation energy (Fig. 8).[3y,41,421 In strong pin- 
ning, the impurity’s potential dominates the CDW elastic energy 
and pins the phase of the CDW at each impurity site. In  weak 
pinning, the CDW breaks up into constant phase regions that 
are pinned collectively by impurities. Despite the fundamentally 
different structural manifestations of strong and weak pinning, 
there has been considerable controversy concerning the nature 
of pinning in CDW s y s t e m ~ . [ ~ ’ - ~ ~ ]  This controversy has been 
due in large part to  the lack of data characterizing the evolution 
of CDW structure with impurity doping. Real-space imaging of 
the CDW structure in doped materials by STM has, however, 
addressed and resolved directly the important issue of strong 
versus weak pinning.L8, 
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Fig. 8 Plots of  the CDW phase and amplitude as a I‘unction of lattice position for 
a perfect one-dimensional lattice (top). ;I lattice containing atrong pinning impuri- 
ties (middle). and a lattice containing weak pinning impurities (bottom). A = CDW 
amplitude, L = lattice. P = CDW phase. SD = structural defect. D in  the lattice 
represents dopant molecules. 

We have investigated the effect of impurities through system- 
atic studies of metal-substituted tantalum disulfide, M,Ta, -rS,, 
where M atoms randomly replace Ta sites in the l a t t i ~ e . [ ~ ~ - ~ ’ ~  
In principle, substitution of isoelectronic Nb“ for Fa” centers 
represents the weakest perturbation on the potential that is pos- 
sible with metal substitution, and thus serves as the best test of 
the weak pinning regime. The effect of Nb-substitution on the 
macroscopic transport properties of these Nb,Ta, -xSz materi- 
als has been assessed by variable-temperature resistivity mea- 
surement~.[~’. Nb-substitution (and other metal substitu- 
tions) decreases the transition temperature from the high- 
temperature incommensurate CDW state to  the lower tempera- 
ture nearly-commensurate state. Qualitatively, the suppression 
in the transition temperature can be rationalized by assuming 
that the incommensurate state is stabilized by impurity pinning. 
Structural studies of these same materials with electron diffrac- 
tion confirmed that the Nb-impurities pin the incommensurate 
CDW, but could not provide information about the nature of 
pinning.[’’] STM images do, however, provide direct insight 
into the structural effects and mechanism of pinning. 

STM images of Nb,Ta, -,yS2 single crystals with values of s 
ranging from 0 to 0.07 are shown in Figure 9. The images were 
recorded at the elevated temperatures of 380 K (.u = 0) .  340 K 
(.Y = 0.04), and 31 5 K (.u = 0.07) to ensure that the samples were 
in the incommensurate state, where the CDW interacts only 
weakly with the underlying 1atti~e.I’~. ’‘I Pure TaS, exhibits a 
nearly perfect hexagonal CDW lattice that is characteristic of 
the known incommensurate state in this material. In contrast, 
substitution with niobium causes disorder in the CDW lattice. 
The images of the Nb-doped materials exhibit areas in which the 
CDW lattice has hexagonal order and regions containing de- 
fects. These defects introduce disorder into the CDW lattice. 
The predominant defects observed in the samples in which 
s (Nb)  < 0.07 are dislocations. Dislocations are formed by the 
insertion of extra half rows of CDW sites in the lattice. Impor- 
tantly, there is a significant strain field associated with the dislo- 
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x = 0 I = 0.04 Y = 0.07 

Fig. 9 SI'bI im.igc\ of  the Nh,Ta, \S2 crystala recorded at 380 (.x = 0, 340 
( \  = 0.04) .ind :I5 K ( v  = 0.07) Delaunay triangulations are ahoan heloa the 
corrc~ponding S 1 "vl images. 

cations.'"] The CDW can relax the strain field by locally de- 
forming through positional shifts and rotations, although these 
deformations introduce disorder into the lattice. In the samples 
containing higher impurity concentrations (s(Nb) 2 0.07) STM 
images exhibit extended defects. The CDW lattice in these latter 
samples exhibits significant disorder, and regions of hexagonal 
order and positional order extend only several lattice constants. 
Nevertheless, it is important to note that the disorder does not 
appear to destroy the orientational order of the CDW lattice. 
The presence of relatively long-range orientational order can be 
seen qualitatively by sighting down the rows of the CDW lattice: 
this shows that the average direction is defined regardless of the 
Nb iinpurit). concentration. 

To examine in more detail the order of a lattice it has been 
instructive to analyze the images quantitatively. The quantita- 
tive analysis involves defining the location (s. y coordinates) of 
each CDW maxima and the nearest neighbors in the lattice. 
Once the lattice points are determined, the Voronoi diagram, 
which uniquely defines the nearest neighbors of all lattice 
points. is computed for the lattice.[591 To highlight defects in the 
lattice we triangulate the Voronoi diagram by drawing "bonds" 
from all CDW lattice points to their nearest neighbors.[55. 5 7 .  "I 

This resulting plot is termed the Delaunay triangulation. For the 
CDW lattice, fully coordinated sites are indicated by six bonds, 
while topological defects containing a smaller or greater number 
of bonds are highlighted by shading. The triangulated images 
are shown below their corresponding STM images in Figure 9; 
the topological defects are shaded pink. These data demonstrate 
clearly that the pure IT-TaS, CDW lattice is defect free and that 
the number of topological defects increases with increasing N b  
impurity concentration. Significantly. analysis of the average 
spacing between topological defects shows that i t  is much 
greater than the average spacing between Nb impurities, and 
thus this analysis unambiguously shows that the pinning by Nb 
atoms is a weak or collective effect.['] 

It is also possible to obtain further insight into the changing 
order in  this system by calculating the translational [G,(u)] and 
orientational [G,(r)] correlation functions for a two-dimension- 

Significantly, analyses of G,(r) and G&) as Iattlce,[8. 5 5 .  5'1 ,hO]  

a function of the Nb impurity concentration show that 1 )  for 
I = 0, both G,(u) and CJr) exhibit long-range order: 2) for 
0 < .Y i 0.04, G,(u) decays exponentially (which indicates short- 
range order), and G&) exhibits long-range order; and 3) for 
.Y 2 0.07, G,(r) and C,(r,) decay exponentially. The existence of 
long-range orientational order but short-range translational or- 
der was an important observation, because it showed the exis- 
tence of a hexatic glass state in these doped materials.[55. 5 y ,  601 

Hence, these microscopic STM studies led to the unexpected 
discovery that the CDW lattice evolves from a crystalline state 
in the pure solid through a hexatic glass state to a liquid-like 
amorphous state as the impurity concentration increases. 

A very different impurity pinning effect has been observed in 
our STM studies of titanium-doped TaSe, .[541 The CDW state 
in IT-TaSe, is commensurate at all experimentally accessible 
temperatures, and each CDW maximum is located on a similar 
symmetric Ta atom site (Fig. 5 b) effectively pinning the CDW 
to the underlying atomic lattice. The driving force for the com- 
mensurate state is an electrostatic interaction between the Ta 
ions and the CDW. In the incommensurate state. this electrostat- 
ic pinning term would be zero. The strong interaction between 
the CDW and atomic lattice that exists in the commensurate 
state suggests that the added pinning effect of metal impurities 
should be quite different than observed in the above studies of 
Nb,Ta,_,S,. STM images recorded on a series of Ti,Ta,-.ySe, 
single crystals with .Y = 0, 0.02, and 0.04 support this idea 
(Fig. 10). The CDW lattices observed in samples containing 

Fig 10. STM images ( 1 3 . 5 ~  13.5nmz) of TaSe, (a). Ti,,2Ta,ssSez (h), and 
Ti, ,,Ta, &2 samples (c) recorded at room temperature. 

titanium impurities exhibit a regular hexagonal structure that is 
similar to the pure sample. The overall order in the CDW lattice 
of the Ti-doped materials thus differs significantly from that 
observed in the Nb,Ta, -*S, materials where the niobium impu- 
rities create substantial disorder in the CDW superlattice. The 
images of the Ti-doped materials do, however, exhibit localized 
regions where the CDW amplitude is suppressed relative to the 
surrounding CDW maxima. In addition, we have shown that 
the density of these localized defects increases linearly with the 
titanium impurity concentration. These data and the highly lo- 
calized nature of the CDW defects represent solid evidence for 
strong pinning. 

and Ti,Ta, -*Se, demonstrate the 
power of STM in elucidating complex structural problems in 
these CDW materials. It is also possible that detailed spectro- 
scopic studies of single CDW defects at strong pinning sites will 
provide unique information relating to the microscopic details 
of CDW formation. In particular. it should be possible to probe 
the symmetry properties of the CDW gap by probing electron 

The studies of Nb,Ta, 
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scattering at CDW defect sites. Careful analysis of the symmetry 
and decay of the charge density around the defects, which is 
measured in voltage-dependent STM images, should provide 
unique information about the Fermi surface topography and 
scattering in these materials. 

4. Copper Oxide Superconductors 

4.1. Bi,Sr,Ca, - IC~,OZn + 

The Incommensurate Superstructure 
Materials: 

The copper oxide superconductors are highly anisotropic ma- 
terials containing two-dimensional copper oxide planes as a key 
structural element.[61 -631  The other components of these mate- 
rials determine the overall structural anisotropy, chemical com- 
plexity, and ultimately the superconducting transition tempera- 
tures of these materials. Among the high-temperature 
superconductors now known, the Bi,Sr,Ca, - lCu,O,, + family 
of materials (n = 1-3) are the most anisotropic and probably 
best suited to surface-sensitive experiments. The n = 2 com- 
pound, Bi,Sr,CaCu,O, (BSCCO-2212), is structurally repre- 
sentative of this family and consists of two-dimensional repeat 
units containing 2-Bi0, 2-Sr0, Ca, and 2-CuO, layers 
(Fig, 11),[61a. 63.641 

Fig. 11. Structural model of Bi,Sr,CaCu,O, 

The average structure of BSCCO-2212 obtained from diffrac- 
tion studies is quite straightforward, although in reality these 
materials exhibit a wide range of structural complexities.[64, 651 

For example, BSCCO-2212 shows considerable disorder in the 
atomic structure of the BiO layer, oxygen nonstoichiometry, 
and exchange of metals between the idealized layers shown in 
Figure 11. The detailed nature of such local disorder is intrinsi- 
cally difficult to address by conventional diffraction techniques, 
as are the electronic consequences of these structural variations. 
A complete picture of the microscopic properties of these mate- 

rials is, however, almost certainly necessary to understand high- 
temperature superconductivity, since the structural disorder has 
a dimensionality similar to the coherence length of the super- 
conducting electron pairs. Moreover, the complex high-T, mate- 
rials can also serve as models to understand the role of intricate 
compositional and structural variations that are present in mul- 
ticomponent materials in general. 

The crystallographic separation between adjacent BiO layers 
in BSCCO is quite large (greater than 3 A) and as such provides 
a natural cleavage plane in crystals of these materials.[63. 641 

Because covalent bonds are not broken when cleaving crystals 
between the weakly interacting BiO layers, the BiO surface layer 
does not reconstruct; hence, STM experiments probe properties 
similar to that found in the bulk.[66-681 STM images ' of cleaved 
BSCCO-2212 crystal surfaces exhibit structure on several length 
scales (Fig. 12). Of particular interest has been the one-dimen- 

Fig. 12. STM image of Bi,Sr,CaCu,O, exhibiting the one-dimensional superstruc- 
ture and BiO layer atomic lattice. 

sional superstructure modulation of period 27 8, that occurs 
along the a axis. A number of models have been proposed to 
explain the origin of this unique structural modulation in 
BSCCO, including 1) lattice mismatch between the BiO and 
CuO layers; 2) extra oxygen atoms substituted into the BiO 
layer, which causes it to buckle periodically; and 3) periodic Cu 
or Sr substitution for Bi in the BiO layer.[64,66-"~69~701 At least 
three problems intrinsic to these materials have hampered ef- 
forts based on diffraction to elucidate the origin of this super- 
structure. Firstly, the superstructure period is incommensurate 
with respect to the lattice. Secondly, the BiO layer has consider- 
able disorder, and thirdly, the X-ray and electron scattering 
cross sections for oxygen are significantly smaller than for 

STM is not limited by these problems and has provided 
unique insight into the origin and effects of this modula- 
tion.[66-681 Real space STM images such as Figure 12 show that 
the superstructure period is not a sinusoidal modulation; the 
period varies randomly from 22 to 27 These results 
demonstrated that the superstructure could not be due simply to 
BiO/CuO lattice mismatch (which would yield a sinusoidal 
modulation), but must have a random substitutional compo- 
nent that caused local fluctuations in the superstructure period. 
Further evidence for the importance of substitution in determin- 

Bi.165, 701 
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ing the properties of the superstructure will be discussed below 
with relation to metal substitution and oxygen doping. 

The atomic structure in images of the BiO layer (for example, 
Fig. I ? )  has tetragonal symmetry with a period of 3.8 A. This 
distance is consistent with both the average Bi-Bi and 0-0 
distances determined by crystallography; that is, alternate 
atomic sites, either Bi or 0, are imaged by STM. Because only 
one site is imaged by STM, such data cannot be used to define 
unambiguously the complete atomic structure associated with 
the superstructure modulation. The images at  atomic resolution 
do show, however, that there can be significant positional disor- 
der in the BiO layer. We have suggested that this disorder re- 
flects inhomogeneity at the atomic level in the material. Hence, 
one possible application of STM is the improvement crystal 
quality achieved by monitoring order in the real-space atomic 
structure as a function of crystal growth conditions. 

4.2. Chemical Inhomogeneity in TI,Ba,Ca,Cu,O,, 

The ability of SPM techniques to monitor growth-dependent 
local atomic order in these complex systems and thereby provide 
insight into observable properties at a microscopic level is gener- 
al. Studies of the TI,Ba,C, lCu,O,, + family of materials 
(n  = 2, 3) have clearly illustrated this point.[71, 7 2 1  These materi- 
als are derived from the Bi family simply by replacing Bi with TI 
and Sr with Ba.[61'631 In general, the average atomic structures 
of the TI-based materials are similar to those of the Bi family, 
although there are several important differences: 1) the TI mate- 
rials do not exhibit a regular one-dimensional superstructure 
and 2) the bonding between adjacent TI0 layers is significantly 
stronger.[61s 6 3 ,  731 Despite the stronger bonding between the 
T10 double layers, crystals of TI,Ba,CaCu,O, and 
T1,Ba,Ca,Cu,Oio cleave predominantly between the TI0 
double layers to expose a TI0 surface in a manner analogous to 
that for BSCC0.[71. 721 

The correlation of the microscopic studies by means of STM 
with macroscopic conductivity measurements have been partic- 
ularly interesting. Temperature-dependent resistivity measure- 
ments made on T1,Ba2Ca,Cu,O,, crystals grown under various 
conditions showed strikingly different values (Fig. 13) .[721 
Crystals grown from a flux containing a TI: Ba:Ca:Cu ratio of 
4: 1 : 3: 6 exhibited a broad superconducting transition and a low 

Fig. 13. Top: STM images TI,Ba,Ca,Cu,O,, crystals grown from 4:3:1:6 (left) 
and 4:3: 1 : 10 T1:Ba:Ca:Cu mixtures (right). Bottom: Temperdture-dependent 
resistivity measurements made on TI,Ba,Ca,Cu,O,, crystals grown under these 
conditions. R = resistivity. 

of 72 K. In contrast, crystals grown from a flux containing a 
T1:Ba:Ca:Cu ratio of 4:1:3:10 had a sharp T, of 110K. De- 
spite the large differences in Tc, X-ray diffraction and the anal- 
ysis of the composition showed that these two types of crystals 
had the same average structure and composition.[61a, 7 3 ,  741 The 
origin of these differences in T, were, however, readily traced 
from atomic resolution STM measurements (Fig. 13). The STM 
images showed clearly that the lower T, TI,Ba,Ca,Cu,O,, crys- 
tals had pronounced atomic structural disorder, while images of 
the higher T, materials exhibited a very regular atomic lat- 
t i ~ e . [ ~ ~ ]  These results thus indicate that difference in the macro- 
scopic parameter T, are due to localized, microscopic variations 
in the structure of the T1,Ba,Ca,Cu,Olo samples. 

4.3. Metal Substitution: Probing Local Crystal Chemistry 

SPM techniques have also been used to probe the effects on 
the microscopic level of metal substitution in high- T, copper 
oxide 6 7 ,  7 5 *  761 In the case of Pb-substituted 
BSCCO crystals (Pb,Bi, -,Sr,CaCu,O,), STM is an especially 
good probe, since lead primarily replaces bismuth in the BiO 
layers. The Pb-doped crystals can be cleaved to expose a 
Bi(Pb)O layer directly at the surface (Fig. 14).["] STM images 

Fig. 14. Schematic illustration of Pb-substitution into the BiO layer of BSCCO- 
2212. The arrows indicate cleavage planes. 

of the Bi(Pb)O layer of Pb-doped BSCCO-2212 single crystals 
are shown in Figure 15. Images of pure (x = 0) BSCCO-2212 
crystals exhibit the one-dimensional, incommensurate super- 
structure that is characteristic of the BSCCO 751 

As Pb atoms are substituted for Bi atoms in these crystals, 
however, the superstructure exhibits increasing disorder. STM 
images of materials with x 5 0.2 show that the one-dimensional 
superstructure is less regular than in Pb-doped BSCCO as evi- 
denced by the random displacements along the a axis.[671 The 
distortions of the superlattice have been attributed to the ran- 
dom substitution of lead for bismuth in the Bi(Pb)O planes and 

.Ingm C'hem. l n i  Ed. En$. 1996, 35, 687-704 695 



c. M. Lyebcr ct ‘11 REVIEWS 

Fig. 15. STM images of Bi,Sr,CaCu,O, (a), Pb,,,Bi, 7Sr,CaCu,0, (b).  and 
Pb, ,Bi, jSr,CaCu,O, (c). The underlying a and h cell axes are indicated in a ) .  The 
white bar corresponds to 5 nm in there images. The tiny arrows in b) indicate two 
locations where the superstructure fluctuates significantly from its average posi- 
tion. 

the differences between PbO and BiO bonding. Significantly, 
distortions in the superstructure imaged directly by STM ex- 
plain the decrease in correlation length reported in diffraction 
studies of these materials;[771 that is, random fluctuations along 
the ci axis (due to Pb-substitution) reduces the scattering coher- 
ence. The suggestion that Pb-substitution distorts the superlat- 
tice has been further supported by STM images of samples 
containing high concentrations of lead (Fig. 15c), since these 
images exhibit a highly disordered superstructure modulation. 

The STM structural data have also provided an understand- 
ing of observed variations in the critical current density (J,) that 
occur with Pb-substitution. Studies of J, in Pb-doped BSCCO- 
2212 have shown that the substitution of lead causes repro- 
ducible and significant enhancements in Jc.r781 While it is well 
known that crystal “defects” can enhance pinning of the flux- 
lines in superconductors, thereby increasing J,, the nature of 
these defects are often not well understood. In the case of Pb- 
doped BSCCO, the STM images suggest that it is the Pb- 
induced disorder that enhances flux pinning. 

STM studies of crystals of Pb-doped BSCCO-2201, 
Pb,Bi, -.Sr,CuO, single crystals have shown similar results and 
have been used to develop a new approach for understanding 
the local disorder probed by SPM Images of 
Pb-doped BSCCO-2201 crystals exhibit increasing disorder as 
the concentration of Pb atoms is increased (Fig. 16). To quan- 
tify the order in these crystals and to compare the results to  
those obtained by electron diffraction we have used the two-di- 
mensional structure factor S,,(k) (S,,(k) = lp(k)I2, where p(k)  
is the Fourier transform of the atom density calculated from 
STM images as function of P b  concentration (Fig. 17). Consid- 
eration of this analysis has shown several significant points. 
Firstly, for samples with intermediate Pb concentrations the 
comparison of S,,(k) and real-space images with in-plane elec- 
tron diffraction patterns show that the multiple superlattices 
inferred from electron diffraction are due to harmonics of 
the principle superlattice period (Figs. 16 b, 17 b, e). Secondly, 
a t  higher Pb concentrations this same comparison demonstrates 
that the absence of the one-dimensional superstructure inferred 
from electron diffraction[791 is due to extreme disorder in this 

Fig. 16. Images ( 6 0 x 6 0  nm’) of Bi,Sr,CuO, (a).  Pb, ,5Bi, ,,Sr,CuO,, (h) .  and 
Ph, ,Bi, ,Sr,CuO, ( c ) .  

Fig. 1 7 .  a) - c ) :  Two-dimensional Fourier transform power spectra of the STM 
images in Figure 16. d)-f):  Electron diffraction patterns recorded on same Ph- 
doped samples. 

structural modulation. Thirdly, it is possible to  use the calculat- 
ed S,,(k) to  define a correlation length for the superlattice. 
More generally, the approach of calculating S,,(k) from real- 
space images enables the quantitative determination of local 
crystalline order and should thus be of great utility in materials 
science (for example, in comparing local microstructures and 
optimizing growth conditions). 

4.4. Oxygen Doping: Probing Local Electronic Structure 

It is widely recognized that oxygen doping plays a key role in 
determining the properties of oxide superconductors.I6’. 621 The 
results from a number of studies have shown that variations in 
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oxygen concentration change the average carrier concentration 
and thereby the superconducting transition temperature. X-ray 
photoemission spectroscopy (PES) studies of BSCCO-2212 
crystals doped at high oxygen pressure showed that the density 
of states near the Fermi level increases with increasing oxygen 
concentration.[*’] To explain this increase in the density of states 
it has been suggested that oxygen doping transforms the BiO 
structural element into a metallic layer. The PES interpretation 
is complicated, however, by the fact that this technique probes 
several unit cells in depth. STM is uniquely suited to elucidating 
the origin of high-pressure doping, since it can probe directly the 
surface BiO layer’s electronic states with little contribution form 
the underlying CuO, planes. 

STM spectroscopy data obtained on as-grown and oxygen- 
annealed BSCCO crystals exhibit distinctly different I -  CJ be- 
havior for the different oxygen treatments (Fig. 18),[81-831 at- 
tributable to distinctly different electronic structures near the 

Fig. 19. STM images (10 x 10 nm‘) recorded on BSCCO crystals. Sample prepara- 
tion: a )  as-grown. b) annealed under 12 atm oxygen. and c) annealed under 150 atm 
oxygen. 

4.5. The Superconducting Energy Gap 

I ’ /  1 
I 1  

-800 -400 0 400 800 -800 4 0 0  0 400 800 
U!mV ---+ UimV - 

Fig. 18. Current versus voltage dara (a, b) and normalized conductivity curves (c. 
d )  obtained on as-grown (a. c) and oxygen-annealed (b, d)  BSCCO-2212 single 
crystal samples. 

Fermi level. The as-grown crystals exhibit a low current within 
i: 200 mV of Ef and relatively sharp increases in I beyond these 
points. while the oxygen-annealed samples show a smooth in- 
crease in I for all U. Indeed, the normalized conductivity 
(C’/l)dZ/dL’ shows that there is a 330 mV gap in BiO layer 
density of states for the as-grown sample, but no obvious gap 
for the oxygen-annealed sample. The absence of a gap in the 
oxygen-annealed samples suggests that oxygen doping intro- 
duces impurity states into the gap or causes the BiO layer to 
become metallic. 

STM imaging of the BiO layer atomic structure has provided 
additional information helping to  resolve these two possibili- 
ties.[*’’ Atomic resolution images of the as-grown and oxygen- 
annealed samples exhibit the same surface atomic structure 
(Fig. 19). The lattices for the samples have periods of 
3.8 & 0.2 8, that corresponds to either the Bi-Bi or 0-0 dis- 
tances. The observation of alternate lattice sites for a range of 
bias conditions indicates that the BiO layer is semiconducting in 
both as-grown and oxygen-annealed crystals. These structural 
results combined with the spectroscopic measurements thus sug- 
gest that the BiO layer’s density of states increases with oxygen 
annealing. although this layer does not become metallic. 

The spectroscopic capabilities of STM have also been exploit- 
ed by many research groups to study the superconducting state 
of the high-T, copper oxide materials.[s41 The emphasis in this 
work has been to  probe the superconducting energy gap (24) 
and low-energy excitations in these materials, since this infor- 
mation is essential to understanding the mechanism of super- 
conductivity. In the conventional Bardeen, Cooper, and Schrief- 
fer (BCS) model of superconductivity, there is a complete gap in 
the density of electronic states as the temperature approaches 0, 
and the magnitude of 24 has the universal value of 3.53 kT,.[”’ 
For conventional superconductors these predictions have 
agreed well with measurements of the density of states by tun- 
neling spectroscopy.r84. 861 In the case of the copper oxide mate- 
rials, however, tunneling spectroscopy measurements have led 
to suggested values of 24  between 0 and 12kTc,  although 
recent studies have converged towards an energy scale of 
5-8 k ~ . L 8 4 3 8 7 - 9 0 1  It is likely that material inhomogeneity, such 
as oxygen nonstoichiometry, have been responsible for many of 
the apparently conflicting measurements of 24 by tunneling 
spectroscopy,‘88 -”I  since the short coherence lengths of the 
copper oxide materials make these measurements especially sus- 
ceptible to local variations in the superconducting properties. 
Indeed, spatially resolved spectroscopy measurements have 
shown clear evidence for variations in 24 associated with struc- 
tural inhomogeneity.[88, 891 

To delineate the intrinsic versus extrinsic features of the super- 
conducting energy gap in the high-T, materials we have reported 
systematic measurements on carefully annealed BSCCO-2212 
samples with r, values ranging from 79 to  92 K.  The STM 
spectroscopy measurements exhibited values of 24 that were 
uniform over the sample surfaces (Fig. 20). The I -  CJ curves 
recorded on crystals with T,  values of 79, 86, and 92 K all 
exhibit similar features including a relatively flat low-current 
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Fig. 20. Conductance G ( U )  [nA/mV] plotted against the 
voltage U [mV] for BSCCO samples with T, values of 92 (a), 
86 (b), and 79 K (c); the measurements were made at 4.2 K. 
The insets show the corresponding curves of 1 0 .  axis) versus 
U (x axis) 

region about U = 0 and pronounced conductance onsets at 
+(20-25) mV. These features agree qualitatively with those ex- 
pected for a superconducting gap. Clear insight into the elec- 
tronic spectrum of the BSCCO samples in the superconducting 
state was obtained from the conductance G(U) ,  since it is pro- 
portional to the density of states N, .  The G ( U )  vs. U curves 
obtained on the samples with T, values varying from 79 to 92 K 
all showed similar features (Fig. 20). Reproducible features re- 
ported in these tunneling spectra include excitations within the 
gap region for I U (  > 0 and well-defined conductance peaks. 
Significantly, the magnitudes of 24 determined from this data 
are similar, irrespective of the sample T,,.r901 These results 
demonstrate that 24 does not scale with T, as found previously 
with conventional superconductors and thus have important 
implications regarding the mechanism of supe rconduc t i~ i ty .~~~~  

These data have also afforded the opportunity to examine in 
detail the quasi-particle excitations within the gap region 
(Fig. 21). Such an analysis is important, since it can provide 
insight into the symmetry of the energy gap function. Several 
models have been used to fit the tunneling spectroscopy data 
including the broadened BCS s-wave, the gapless, and the d- 
wave models. The broadened BCS function (g) does not provide 

( E  = e V-iT,  where V is the applied 
voltage and r a broadening parame- % = R e (  } NN v m  ter that reflects the finite lifetimes of 

& 

quasi-particles) (g) 

a good fit of the experimental data, since it cannot simulta- 
neously have sharp conductance peaks and excitations within 
the gap (Fig. 21 a). Hence, it is not expected to provide new 
insight into the physics of pairing. Alternatively, strong pair- 
breaking can lead to quasi-particle excitations within the gap. 
The long-dashed line in Figure 21 b was fit using a small amount 
of pair breaking (u = T / A  = 0.05, where a is the pair-breaking 

parameter), while the 
short-dashed line corre- 
sponds to the behavior 
expected for a gapless 
superconductor (a = 1).  
For s-wave symmetry 
pairing, previous theo- 
retical studies have 
shown that as inelastic 
scattering is increased, 
the conductance peaks 
broaden and the observed 
gap cop gets smaller, but 
until the “gapless” regime 
is reached, no quasi-par- 
ticle excitations should 
be observed within the 
gap.[921 In the context of 
s-wave pairing, this de- 
scription is inconsistent 
with the observation of 
sharp conductance peaks. 

The fact that G ( U )  is 
strongly peaked around 

* A  and decreases gradually to a minimum at U = 0 strongly 
suggests that there are nodes in the gap function. A function 
with d-wave symmetry (for example, dz - y z :  d(k) - cos k,a 
- cos k,a) is one that will have nodes and also has the symmetry 
that in several theoretical models is a prerequisite for pairing. 
Significantly, good agreement was obtained by fitting the ener- 
gy-dependent density of states predicted for gap functions with 
d-wave symmetry to the tunneling spectroscopy data (Fig. 
21 c, d) .r901 The fit in Figure 21 c corresponds to the function of 
Ns/NN expected for a pure d-wave symmetry gap, while that in 
Figure 21 d corresponds to the specific d-wave pairing model of 

UlmV- UimV - 
Fig. 21. Curve fitting to typical normalized conductance N J N N  versus voltage Ll 
data. In all cases the solid curve corresponds to the experimental data and the 
dashed lines to the tits. The fits were made with Equation (a), varying A and r in 
a) and a in b). The curve in c) represents a pure d-wave superconductors, and that 
in d) the d-wave model of Monthoux, Balatsky, and Pines. 
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Monthoux. Halatsky, and P i n e ~ . [ ~ ~ '  Hence, the tunneling data 
strongly support the idea of an anisotropic gap function, but 
does n o t  distinguish conclusively between d-wave and an- 
isotropic s-wave models. 

4.6. Magnetic Flux-Lines 

Fig 22. STM image of the magnetic 
flux-line lattice in NbSe, at a field of 
1 Tesla. The data were recorded at 1.8 K 
[97]. The arrow represents 6000 A. 

When a type-I1 superconductor, such as a material of the 
copper oxide family, is placed in a sufficiently large field, 
magnetic flux penetrates through the sample in the form of 
quantized magnetic flux-lines called vortices.[95. 961 In the ab- 
sence of crystal defects and pinning the vortices are expected to 
be arranged in a hexagonal lattice that minimizes the repulsive 
interaction between lines. This hexagonal structure was record- 
ed beautifully in STM images of flux-line arrays in NbSe, 
(Fig. 22).["'] In contrast, when pinning is present, the flux- 

line lattice structure will 
change to  maximize the 
pinning interaction. and 
defects are balanced 
against the elastic de- 
formation energy ex- 
pended to distort the lat- 

Surface and bulk de- 
fects can play an impor- 
tant role in pinning mag- 
netic flux-lines in high- 

Because flux-line pinning 
determines to large ex- 
tent the magnitude of J, 
in superconductors (and 
therefore possible appli- 
cations), an understand- 

ing of pinning is central to much work in the high-T, field. 
Several techniques, including Bitter decoration and neutron dif- 
fraction, have been used to study the structure of flux-line lat- 
tices in the copper oxide materials.[9s' 981 While both of these 
techniques have provided significant insight into the structure of 
flux-line lattices. they have not been able to provide direct infor- 
mation about the defects that pin the flux-lines. A new approach 
that we have developed combining conventional Bitter decora- 
tion and AFM has yielded significant insight into this critical 
area.L'""i Bitter decoration is a well-established technique for 
highlighting reproducibly large numbers of flux-lines, and when 
combined with AFM, enables us to image the decorated flux- 
line positions and map out surface defects with a resolution of 
nanometers. Typical AFM images obtained on BSCCO single 
crystals that had been decorated in a magnetic field of 33 G are 
shown in Figure 23. Two distinct types of structures are seen in 
these images: the magnetic flux-line positions, which appear as 
small circular spots, and surface steps that appear as lines run- 
ning through each image. Analysis of the surface topography 
demonstrates that these steps have heights of 30, 100, and 
300 nm. Importantly. we have shown that the flux-line lattice 
structure can differ significantly depending on the surface step 
height." *"I 

tice.195. 961 

T, materials.195. 96.98.991 

Fig. 2 3 .  AFM images recordcd on ;1 BSCCO crystal that nil\ decorated 
a magnetic field of 33 Gauss See text for further detnils. 

4.2 K in 

The flux-line lattice orientation is seen most clearly in two- 
dimensional Fourier transform power spectra (2DFT) of select- 
ed regions of these images. The ZDFT, which are plotted as 
insets in each of the figures, each exhibit six diffraction spots 
characteristic of the hexagonal symmetry of the flux-line lattice 
and orientation defined by the reciprocal lattice vectors. In Fig- 
ure 23 a, the flux-line lattice orientation is independent of the 
surface step as is clearly evident when comparing the flux-line 
lattice reciprocal lattice vectors with the step direction. In Fig- 
ure 23 b, which contains a larger step, the 2DFT shows that a 
principle axis of the flux-line lattice i s  aligned preferentially 
along the straight section of the step. The overall orientation of 
the flux-line lattice is not perturbed, however, by the curvature 
in the step at  the bottom of the image. The structure of the 
flux-line lattice in Figure 23c, which contains the largest step, is 
more complex and interesting. On the lower surface terrace in 
the upper left of the image, the 2DFT shows that the flux-line 
lattice orientation is pinned to the step direction. The flux-line 
lattice in the upper right portion of the image i s  also pinned in 
this same orientation. However, the 2DFT demonstrates that 
the flux-line lattice orientation in the lower part of the image is 
rotated relative to the upper part. This rotation follows the 
change in step direction that occurs a t  the bottom of the image. 
Significantly, the two distinct flux-line lattice orientations lead 
to the formation of a grain boundary in the lattice that is indi- 
cated by the white line running across the right side of this 
image. We have developed a model to understand the propaga- 
tion of these grain boundaries through a sample by considering 
the pinning energy associated with the surface step and the 
energy required to elastically deform the f lux- la t t i~e . [~~I  Impor- 
tantly, using the AFM data it has been possible to demonstrate 
that the grain boundaries propagate completely through the 
superconductor samples and thus influence significantly the 
bulk structure of the flux-line lattice. 
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5. Manipulation of Matter 

5.1. New Nanomaterials Using SPMs 

SPM techniques can, in addition to probing the microscopic 
properties of low-dimensional materials, be used to create new 
low-dimensional materials-nanostructures. SPM techniques 
are particularly powerful in nanoscale research. since they can 
be exploited for both the synthesis and the characterization of a 
material.[’3. 14. lo’  ~ 13] For example, STM has been used to  
assemble individual iron atoms into circular structures on a 
copper metal surface, and to  show that the resulting structure 
exhibited properties of quantum confinement.[’ 

The simplicity and flexibility of SPM techniques are a signif- 
icant advantage for the synthesis and characterization of nano- 
structures. STM and AFM tips may be coated with thin films of 
almost any material thereby enabling researchers to control in- 
teractions and reactions at  substrate surfaces.” 14. l l Ex peri- 
rnents may also be carried out in vacuum or  in ambient or fluid 
environments. Such flexibility is not possible in other top down 
lithography techniques. 

5.2. General Approaches to Manipulation 

SPM techniques have been used extensively to modify sur- 
faces at the atomic to nanometer scale.113. 1 4 .  1 3 ]  Wh’ ile 
modification of a surface in and of itself does not constitute the 
preparation of a nanostructure, an understanding of the pro- 
cesses involved in modification and manipulation are needed to 
prepare new structures rationally. Below we describe several 
processes that have been employed in STM and AFM studies. 

Two general types of processes that have been used for STM- 
based manipulation involve the parallel o r  perpendicular mo- 
tion of atoms and clusters (Fig. 24).[l4.] In parallel processes, 
manipulated material is not removed from a surface but rather 
slid to a particular surface location. In perpendicular processes, 
however, the probe tip is used to pick up material from the 

FIZ. 24. Schematic diagram illustrating perpendicular (top) and pitrallel (bottom) 
m a n i p u l ~ t i o n  processes. 

surface and then redeposit i t  at another location. Parallel pro- 
cesses rely on either electric fields or chemical forces to slide 
atoms. An electric field emanating from a STM tip induces a 
dipole in adsorbates that attract them to the lo’] Wh en 
this attraction is greater than the potential barrier associated 
with the dipole’s moving across a surface. the adsorbate will 
move towards the tip. An advantage of this technique is that i t  
enables both sample manipulation and the measurement of the 
dipole moment of an adsorbate. A second parallel process ex- 
ploits short range attractive interactions between the probe tip 
and adsorbate to overcome the barrier to surface motion. 

The principal perpendicular processes are field evaporation 
and transfer-on-contact. The simpler of the two is transfer-on- 
contact whereby the tip is lowered onto an atom or cluster so 
that tip interacts strongly with the surface adsorbate.[’4] As the 
tip is lifted from the surface, it carries the atom or cluster with 
it .  At a desired location the tip is again lowered until the atom 
or cluster transfers back to the surface. The second type of 
perpendicular process involves field evapoi-ation or chemically 
assisted field evaporation.’ 14. lo9] Field evaporation occurs 
when a large positive bias is applied to the sample (or tip) caus- 
ing positive cluster ions to  evaporate and ideally redeposit on 
the tip (or sample). An important example of this approach has 
been the selective removal and deposition small silicon clusters 
on the surface of crystalline silicon.[1061 

AFM modification and manipulation processes are generally 
more direct than those for the STM. Manipulation based on 
force microscopy typically involves direct mechanical interac- 
tions between the probe tip and substrate. Force microscopy has 
been used to  manipulate materials both by nanomachin- 
ing[104. 110 .  1161 and sliding.[l 12. 1131 I n nanomachining, the 
AFM removes atoms from 
the surface through fatigue 
w e a r . ~ ~ t o .  1 1 7 1  For ex- 
ample, the pattern of let- 
ters “MOO,” shown in 
Figure 25 was machined in 
a MOO, nanocrystal with 
an AFM probe tip. 

The mechanics of the in- 
teraction between tip and 
sample that is relevant to 
nanomachining are illus- 
trated in Figure 26. The tip 
elastically deforms due to 
the applied load, where the 
dashed line in the figure 

Fig. 25.  AFM )maze engraved with 
“MoO,”. The pattern of letters was rna- 
chined in  it MOO, nanocryslal usins thc 
A F M  probe tip 

shows the shape of the nondeformed tip. A detailed view of the 
stresses felt by the sample are shown in the zoom of the tip- 
sample contact region (Fig. 26, right). The upper half of the 
zoom shows that the pressure distribution felt by the surface, 
while the lower half shows the stresses in the sample. The max- 
imum stress occurs a t  a depth of 0.48:~ below the surface, where 
LI is proportional the radius of curvature of the tip. Under suffi- 
cient stress the sample will plastically deform, bonds will break, 
and material will be lost. All the material in the region may be 
removed by scanning the tip over it several times. Practical 
considerations limit the materials that may be machined in this 
way. The material should be softer than the tip and should not 
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sample 

Fig 26. Illu~ti-ation o f  an A F M  tip in contact with a surface. Left: The  tip elastical- 
ly def'oriii, 011 rhc rui-fxc.  Right: The  arrows represent the pressure experienced by 
the sui-kice .ind thc gray hatched regions the stresscs in the surface See text for 
further details 

have of low friction coefficient. A soft material is needed, so that 
the tip may reproducibly modify the sample and not be modified 
itself. while a high friction coefficient ensures high interfacial 
shear and hence large transfer of energy. 

The second means of AFM manipulation involves sliding 
small islands of material on a surface with the AFM's 
tip,[ 1 1 2. 1 131 A particularly interesting example of sliding is the 
phenomenon of lattice-directed sliding that we have recently 
discovered while manipulating nanocrystals of MOO, on 
M O S ~ . I " ~ ~  M o o ,  nanocrystals can be grown on the surface of 
MoSz by controlled thermal oxidation." lo] When these 
nanocrystals are pushed with an AFM tip. they move along only 
one of the lattice directions of the underlying MoS, substrate. 
The motion of two distinct MOO, nanocrystals are illustrated in 
the sequence of images shown in Figure 2 7 a - ~ . [ " ~ ]  A com- 

Fig 27. AFM iin,iges showing the lattice-directed sliding of two MOO, nanocrys- 
t i i k  on it MoS, aurkict. The  red ( a ) ,  white ( b ) ,  and  blue (c) colors correspond t o  the 
i i i i t i~l .  interinediatc. and final positions of the nanocrystals. respectively. d )  Depicts 
ii superposition (>I' d) .  b). and c). The  inset shows the atomic lattice of MoS, 

posite view o f  these three images and the underlying MoS, 
atomic lattice (Fig. 27d) shows that these two nanocrystals 
move at a 60 angle with respect to each other and that this 
motion is along two distinct directions of the MoS, lattice. 
Under most conditions the MOO, nanocrystal will slide on this 
predetermined path indefinitely. The nanocrystals path can be 

changed, however, by applying a large torque using the tip. 
Hence, by combining lattice directed sliding with nanomachin- 
ing it should be possible to construct complex multicomponent 
nanostructures. 

5.3. Nanostructures 

We now turn to two exciting examples of complex nanostruc- 
tures that have been s~nthesized with the STM and AFM. One 
of the most elegant structures created with STM is the "quan- 
tum corral" built by Eigler and co-workers (Fig. 28)." Using 
a low-temperature (4 K) STM operating in ultrahigh vacuum. 
they slid 48 Fe atoms into a 14.3 nm ring on a Cu(l11) surface. 
This ring of atoms acted as a hard wall, reflecting electrons 
trapped in a two-dimensional state a t  the surface of the copper 
substrate. The quantum-mechanical interference between these 
electrons created circular regions of high and low electron den- 
sity (Fig. 28d).['"] Structures like the quantum corral, though 
currently limited to low temperature and high v;icuum. are solid 
steps forward in quantum electronics research. 

~~ ~~ 

Fig. 28. Steps a )  -d )  in the formation o f  a quantum corral [ l  1 I ]  The  corral has a 
radius of 14.3 nm and was created with parallel processes in S T M  manipulation. In 
d )  the surface electron waves scatter from the Fe atoms leaving fringes. 

We have used AFM to create an interlocking nanostructure 
that is stable a t  room temperature by combining nanomachin- 
ing and lattice-directed sliding to manipulate MOO, nanocrys- 
tals on MoS, (Fig. 29).['13' Initially, nanomachining is used to 
define a notch in crystal 2 (Fig. 29 b) and a rectangular latch in 
crystal 1 (Fig. 29c). Lattice-directed sliding is used to move 
crystal 2 to crystal 1 (Fig. 29c) and then move the latch into the 
notch of crystal 2 (.Fig. 29d). The smaller crystallite is thereby 
locked into place by the latch. The preferred lattice-directed 
sliding directions of the small crystallite and the latch are differ- 
ent, which prevents the small crystallite from moving. The latch 
itself is prevented from rotating by the large crystallite. An inter- 
esting feature of this system is the reversibility of the connection. 
The smaller nanocrystal may be locked into place. unlocked, 
manipulated, and then relocked. This is exactl) what has oc- 
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Fig. 19. AFM images illustrating the fabrication and final structure of three inter- 
locking MOO, nanocrystals See texr for further details. 

curred in Figures 29 c and d. This locking mechanism can, how- 
ever, readily resist motion, relative to the larger crystal, of the 
small nanocrystal along its preferred sliding direction. Hence. 
the lock can be used as a structure to  facilitate the fabrication of 
larger, more complicated systems that include, for example, 
electronically distinct oxide pieces. In addition, such a mechan- 
ical latch corresponds to the basic components needed to con- 
struct a nano logic gate. 

6. Summary and Outlook 

The combination of scanning probe microscopies and chemi- 
cal synthesis has significantly advanced the understanding of 
charge density waves, high-temperature superconductivity, and 
nanofabrication in low-dimensional materials. This new ap- 
proach to  studying materials has directly elucidated the struc- 
ture of complex charge density wave phases and how metal 
dopants interact with charge density waves in two-dimensional 
metal dichalcogenide solids. The real-space picture of atomic 
and charge density wave lattices provided by STM transforms 
the diffuse structural view based on diffraction into one that has 
demonstrated clearly the theoretical concept of weak pinning 
and has led to discovery of new phases not yet understood 
theoretically. The coupling of STM with synthesis has also illu- 
minated complex structural disorder in two distinct classes of 
copper oxide superconductors, thus providing an understanding 
of observed variations in the bulk transition temperature and 
critical current density. The methods developed to quantify 
structural disorder in these studies-termed local crystallogra- 
phy-provide an approach for preparing pure and doped crys- 
tals that are homogeneous on a nanometer scale and should be 
of general utility in the future. Application of this approach to 
the superconducting state has elucidated details of the electronic 
excitations important in defining the mechanism of supercon- 
ductivity and also the structure of magnetic flux-line arrays that 

are crucial to most technological applications. Such studies are, 
however, still in their infancy and will require additional work 
to  broaden their impact. Lastly, the combination of scanning 
probe microscopy measurement and manipulation with chemi- 
cal synthesis has provided a novel route to the fabrication of 
nanostructures (which represent the ultimate dimensional re- 
duction in materials). Selective synthesis yields nanocrystals 
that have, through fundamental studies of friction and wear, 
been selectively modified and manipulated using force mi- 
croscopy into interlocking, multicomponent structures. By us- 
ing this strategy it should be possible to extend nanostructure 
complexity, and importantly, to readily investigate the physical 
properties of any new structure created with the probe micro- 
scope. More generally, the studies outlined in this review 
provide a clear pathway to unify work on bulk low-dimensional 
materials and nanostructures and our understanding of these 
solids, and in so doing they promise to expand our knowledge 
and our ability to conceive of new materials for the future. 
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