Journal of Yacuum Science & Technology B

Probing complex low-dimensional solids with scanning probe microscopes: From
charge density waves to high-temperature superconductivity
Jie Liu, Jin-Lin Huang, and Charles M. Lieber

Citation: Journal of Vacuum Science & Technology B 14, 1064 (1996); doi: 10.1116/1.588401
View online: http://dx.doi.org/10.1116/1.588401

View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/14/2?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Articles you may be interested in
Thin-film growth of the charge-density-wave oxide Rb0.30MoO3
Appl. Phys. Lett. 68, 3823 (1996); 10.1063/1.116629

Scanning tunneling spectroscopy on low- and high-T ¢ superconductors
J. Vac. Sci. Technol. B 14, 1224 (1996); 10.1116/1.588520

Spatial and energy variation of the local density of states in the charge density wave phase of 2H-NbSe2
J. Vac. Sci. Technol. B 14, 1070 (1996); 10.1116/1.588402

Atomic force microscope and scanning tunneling microscope studies of superlattices and density waves in Fe
doped NbSe2, TaSe2, TaS2 and in NbSe3 doped with Fe, Co, Cr, and V
J. Vac. Sci. Technol. B 12, 1801 (1994); 10.1116/1.587603

Photothermal microscope for high-T ¢ superconductors and charge density waves
Rev. Sci. Instrum. 64, 3321 (1993); 10.1063/1.1144298

ADVERTISEMENT

Advance your technology or engineering
career using the AVS Career Center, with
hundreds of exciting jobs listed each month!

http://careers.avs.org



http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://careers.avs.org
http://scitation.aip.org/search?value1=Jie+Liu&option1=author
http://scitation.aip.org/search?value1=JinLin+Huang&option1=author
http://scitation.aip.org/search?value1=Charles+M.+Lieber&option1=author
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://dx.doi.org/10.1116/1.588401
http://scitation.aip.org/content/avs/journal/jvstb/14/2?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/26/10.1063/1.116629?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/14/2/10.1116/1.588520?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/14/2/10.1116/1.588402?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/12/3/10.1116/1.587603?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/12/3/10.1116/1.587603?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/64/11/10.1063/1.1144298?ver=pdfcov

Probing complex low-dimensional solids with scanning probe microscopes:
From charge density waves to high-temperature superconductivity

Jie Liu, Jin-Lin Huang, and Charles M. Lieber
Department of Chemistry and Division of Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138

(Received 24 July 1995; accepted 1 December 1995

Scanning probe microscop{&PM studies of low-dimensional solids have yielded significant
advances in the understanding of collective phenomena in these complex materials. In this article,
SPM studies from the authors’ laboratory of charge density wa®BsVs) in metal dichalcogenide
materials and of high-temperature copper—oxide supercondudtdisSCy are reviewed.
Temperature-dependent SPM studies of the structural properties of CDW phases in metal-doped
tantalum disulfidgTaS,) and tantalum diseleniddaSe) have directly illuminated the problem of

weak and strong CDW pinning. These studies have also led to the unexpected discovery of a hexatic
CDW phase in niobium-doped TaSSPMs have also been used to probe the structural and
electronic properties of HTSCs. SPM studies of metal-dopedSiTaCyOg; (BSCCO
superconductors have been used to elucidate the complex crystal chemistry of this system.
Comparisons of these data with electron diffraction measurements also highlight the importance of
local crystallography in these complex materials. In addition, SPM studies have been used to
elucidate the interaction of magnetic flux lines with surface defects, thus enabling a quantitative
assessment of pinning by surface roughness. Finally, etching has been studiesitby5sPM and

shown to be a promising means for controlling the properties of HTSC surface$99® American
Vacuum Society.

[. INTRODUCTION changed. Hence, these cleaved surfaces usually do not recon-

) ) ) struct and their structure and electronic properties are thus
Understanding the relationships between structure, ele%presentative of the bulk solid.

tronic properties, phase transitions, and observable properties Highly anisotropic solids are amenable to SPM studies

in materialfjl gepresents an important goal of condensed mafj;; more importantly, these materials often exhibit scientifi-
ter research:” Approaches to achieving this goal necessarily )y fascinating structural and/or electronic phase transitions
involve elucidating how material properties are determlneqhat represent one of the focal points of condensed matter

by the arrangement of atoms and dopants on the atoMiggearch today. For example, a number of one- and two-
scale. In principle, this information is readily available from yimensional transition metal chalcogenide materials are

conventio'nal diff'ra.ctio.n and spectroscopy'measurementﬁnown to exhibit complex charge density wav€DW)
when solids exhibit highly ordered, crystalline structures.,,qes and, furthermore, it well known that the layered struc-
However, some of the most fascinating solids known todayy,re of the copper oxide materials is essential for high-
such as the high-temperature superconduddiSCs, are  omperature superconductivity. In this brief review, we will

not well ordered. These complex materials exhibit structura*OCUS on our previous SPM studies of low-dimensional sol-
complexities(e.g., substitutional disorder and/or incommen-jqs that have provided new information addressing important
surate modulationsthat conventional diffraction measure- questions about CDWs and HTSCs. The implications of

ments cannot resolve. Experimental techniques that Cajpese results and ongoing studies will be discussed.
probe material properties directly on the nanometer scale

should thus afford researchers a unique opportunity to un-
ravel these problems. Il. EXPERIMENT

The ability of scanning probe microscop€SPMs to An important issue in SPM investigations of low-
probe surface structure and electronic states on the atom@imensional solids is the preparation of suitable samples for
scale is now well recognizet!SPMs can also provide infor- analysis since most materials are not available commercially
mation essential to understanding bulk properties in manyn single-crystal form. In general, our studies have focused
classes of materiafs*~" In particular, solids that possess a on high-quality single crystals that are prepared and charac-
large anisotropy in bonding—for example, strong covalenterized by conventional techniques; these methods are briefly
bonding in two-dimensional layers with weak noncovalentdescribed below and have been discussed in more detalil
bonds holding these layers together—cleave preferentiallpreviously?~12
along planes defined by the weak covalent bonds within the Single crystals of transition metal dichalcogenides
solid. The coordination of atoms at the surface cleavagélT-TaS and 1T-TaSg and metal-doped transition metal
plane in such anisotropic or low-dimensional solids is similardichalcogenides (1 T-NhTgy_,S, and 1T-TiTa,_,Se)
to that in the bulk, because the covalent bonding is unwere grown using iodine-vapor transport from prereacted
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powders~°The prereacted powders and iodine were seale(ﬁiﬂy e o oo
in quartz tubes and placed in a two-zone furnace with the%ﬁ R
prereacted powders in the hotter zone. High-quality crystals o AT
were obtained after a three-week transport period using i et
~70°C temperature gradient. The metastable 1T crysta - RN
polytype is obtained by quenching the reaction tubes frorr+ o
their growth temperature. In all cases the crystal structure L.
and composition was verified prior to SPM studies. In addi- I 7 SERE
tion, the CDW phase transition temperatures were deter

mined by temperature-dependent resistivity measurement:
Single  crystals of  BiSL,CaCyOg(BSCCO-2212,
Bi,SL,CuQ;(BSCCO-220}1, and Pb-doped BSCCO were
grown from CuO-rich and/or BDs-rich melts in MgO 0
crucibles**? MgO crucibles are used by many research 1l
groups since they do not react extensively with the liquid

phase and yield high-quality crystals with sharp transitions af'- 1. STM images of the Nfa, _,S; crystals recorded at 388=0), 340
T.~90 K (x=0.04), and 315 K(x=0.07). Delaunay triangulations are shown below
c .

each of the corresponding STM images. Topological defects in the triangu-
In general, our SPM measurements have been made @fied images are highlighted with shading. Reproduced from Ref. 7.

cleaved single-crystal surfaces of the metal dichalcogenides

and BSCCO superconductors. These materials can be

cleaved readily using tape in air or ultrahigh vacu(isV).  to understanding the static and dynamic properties of the
Several different instruments have been used to acquire tHeDW state. In general, pinning can be defined as strong or
data discussed below. First, a number of the scanning tunneiveak. In strong pinning, the impurity potential dominates the
ing microscopy(STM) studies were carried out in a,Nilled CDW elastic energy and pins the phases of the CDW at each
glove box(<1 ppm H0 and Q) using commercia(Nano-  impurity site. In weak pinning, the CDW breaks up into con-
scope, Digital Instrument, Incand home-built electronics stant phase regions that are pinned collectively by
that controlled a microscope equipped with a variable temimpurities’ Model investigations of weak and strong pinning
perature sample stage. More recent STM studies have bedy Nb and Ti impurities in NpTa, _,S, and Ti Ta,_,Se, are
carried out using a low-temperature UHV microscope thadiscussed below.

can be operated at temperatures between 4.2 and 300 K. Figure 1 shows STM images of Ny, _,S, single crys-
Finally, atomic force microscopyAFM) studies have been tals with values ok ranging from 0 to 0.07; the images were
carried out in air and in solution using a commercial instru-recorded at temperatures of 380=0), 340 (x=0.04), and

ment (Nanoscope IlI, Digital Instruments, Incequipped 315 K (x=0.07) in a glove box. These temperatures were
with a fluid cell. chosen to ensure that the samples were in the incommensu-

rate state where the CDW interacts only weakly with the
ll. RESULTS AND DISCUSSION underlying lattice!® Pure Ta$ exhibits a regular hexagonal

CDW lattice that is characteristic of the known incommen-
surate state in this material. As Nb atoms are substituted for
Prior to the discovery of STM, the structural properties of Ta in the atomic lattice, the CDW lattice becomes less well
CDWs had been studies extensively using electron and x-ragrdered. The disorder in the CDW lattice appears to be due
diffraction X® While diffraction studies provided considerable to the formation of dislocations and other topological de-
insight into the basic structures of the CDWs in Jathd fects. It is important to note, however, that the disorder does
TaSe, they were unable to elucidate clearly the structures ohot appear to destroy the orientational order of the CDW
several of the complex incommensurate phases existing ilatticel® The presence of relatively long-range orientational
TaS, and the effects of metal doping in these matefidls. order can be seen qualitatively by sighting down the rows of
This situation changed significantly, however, following thethe CDW lattice: this shows that the average direction is
demonstration by Coleman and co-workers that the chargdefined regardless of the Nb impurity concentration.
modulation of a CDW could be viewed directly in real To examine in more detail the topological defects and
space* The ability of STM to determine CDW and atomic order of a lattice, it is instructive to carry out a Delaunay
lattice positions simultaneously was subsequently exploitettiangulation of the lattice site$. This image analysis
by our group® 101518 nd otherd'*1"18o resolve compli- method, which is of general utility for any type of lattice, has
cated structural details of incommensurate CDW phases iheen applied previously by several grodpdhe triangula-
TaS,, and to catalog the structures of CDW phases in a vation uniquely defines the nearest neighbors and thus the co-
riety of transition metal dichalcogenide materials. ordination number of each CDW maxima; in the triangula-
Another general problem that STM has been especiallyion, nearest neighbors are connected by “bonds” with
useful in probing is how CDWs interact with metal impuri- vertices corresponding to the CDW maxima. Fully coordi-
ties substitutionally doped in the atomic lattice. Understandhated lattice sites have six bonds, while topological defects
ing the nature of this interaction, called pinning, is essentiatontaining fewer or greater than six bonds are highlighted by

A. Charge density waves
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Fic. 2. The 13.%13.5 nnf STM images of TaSg(left), Tig ;78,0556
(middle), and T g4Tay 9656 (right) samples recorded at room temperature.
The bright yellow features in these images correspond to the CDW maxima.
Reproduced from Ref. 9.

shading. The triangulated images are shown below their cor- ‘&
responding STM images in Fig. 1. These data demonstrate §
clearly that the pure 1T-Ta€£DW lattice is defect free, and '
that the number of topological defects increases with increas-
ing Nb impurity concentration. Significantly, analysis of the
average topological defect spacing shows that it is much
greater than the average spacing between Nb impurities, and

thus this analysis unambiguously shows that the pinning by'e- 3: STM images ofA) Bi;Sr,.CaCyQg, (B) Phy Biy ;Sr,CaCy0,, and
C) PhysBi; sS,CaCyOg. The underlyinga—b cell axes are indicated in

Nb atoms is a W.eak or collective effet. _ __(A). The white bar corresponds to 5 nm in these images. Reproduced from
It is also possible to further characterize the order in thisref. 11.

system by calculating the translation&;(r), and orienta-
tional, G4(r), correlation function€:1®Analyses ofG+(r) and
Gg(r) as a function of the Nb impurity concentration show shown that the density of these localized defects increases
that (1) for x=0 both G1(r) and Gg(r) exhibit long-range linearly with the Ti impurity concentration. These data and
order, (2) for 0<X=<0.04 G(r) decays exponentiallyi.e., the highly localized nature of the CDW defects represent
shows short-range ordeand Gg(r) exhibits long-range or- solid evidence for strong pinning. Hence, real-space STM
der, and(3) for x=0.07 G¢(r) and Gg(r) decay exponen- studies of NhTa,_,S, and TiTa, _,Se, materials have pro-
tially. The existence of long-range orientational order butvided a solid structural picture of the concepts of weak and
short-range translational order is an important observatiostrong pinning in CDW materials.
because it strongly suggests the existence of a hexatic glass
state in these doped materials. Hence, these studies were a%le
to show that the CDW lattice evolves from a crystalline state™
in the pure solid through a hexatic glass state to a liquidlike There have also been a number of SPM studies reported
amorphous state as the impurity concentration increases. in the literature that address the structure and electronic
A very different impurity pinning effect has been ob- properties of HTSC materiaf$2%?! Herein, we focus pri-
served in our STM studies of Ti-doped TaSeThe CDW  marily on work from our laboratory that has addressg&d
state in 1T-TaSgls commensurate at all experimentally ac- the local crystal chemistry and dopin@) the role of struc-
cessible temperatures. In the commensurate CDW state, eattiral defects in pinning magnetic flux lines, a8} the con-
CDW maximum is located on the same symmetric Ta atomtrol of surface morphology by chemical etching.
site; that is the CDW is effectively pinned to the underlying We have performed extensive studies of the structural ef-
atomic lattice. The driving force for the commensurate statdects of metal substitution in the HTSC materi&ig:?123A
is an electrostatic interaction between the Ta ions and thparticularly informative example of these studies is the case
CDW. In the incommensurate state, this electrostatic pinningf Pb-doped BSCCO where we have characterized the struc-
term is zero. The strong interaction between the CDW andural consequences of Pb substitution for Bi in both 2212 and
atomic lattice in the commensurate state suggests that tt#201 crystal types. STM images of the(Bb—-O layer of
effect of metal impurities should be quite distinct from that Pb-doped BSCCO-2212 single crystals are shown in Ff§. 3.
observed in the Nfg; _,S, materials. STM images recorded Images of purgx=0) BSCCO-2212 crystals exhibit a one-
on a series of TiTa; _,Se, single crystals withk=0, 0.02 and dimensional, incommensurate superstructure that is charac-
0.04 support this ide&see Fig. 2 The CDW lattices ob- teristic of the BSCCO materiald As Pb is substituted for Bi
served in samples containing Ti impurities exhibit a regularin these crystals, however, the superstructure exhibits in-
hexagonal structure that is similar to the pure sample, and ameasing disorder. The one-dimensional superstructure is still
thus very different than observed in the NB, _,S, materi- clear at low Pb concentratiori&c<0.2), although there are
als. The images of the Ti-doped materials also exhibit localobvious distortions such as variations in the period from 25
ized regions where the CDW amplitude is suppressed relae 39 A. At higher Pb concentration we found that there was
tive to the surrounding CDW maxima. In addition, we havelittle periodicity at length scales expected for the superstruc-

Wt
o W R A

i L

Copper oxide superconductors

J. Vac. Sci. Technol. B, Vol. 14, No. 2, Mar/Apr 1996



1067 Liu, Huang, and Lieber: Probing complex low-dimensional solids 1067

intermediate Pb concentrations our comparisonSgi(k)

with in-plane electron diffraction patterns shows that the
multiple superlattices inferred from electron diffraction are
due to harmonics of the fundamental superlattice period.
Second, at higher Pb concentrations this same comparison
demonstrates that the absence of a superlattice in electron
diffraction patterns is due to the extreme disorder of the
structural modulation; that is, the crystal is not well ordered.
More generally, this approach of calculatir®p(k) from
real-space images enables the quantitative determination of
local crystalline order, and thus will be complementary to
conventional diffraction techniques in elucidating micro-
structure of complex materials.

The surface defects described above as well as bulk de-
fects can play an important role in pinning magnetic flux
lines in HTSC material®® Because flux-line pinning deter-
mines to a large extent the magnitudeJgfin superconduct-
ors(and therefore possible applicatignan understanding of
pinning is central to much work in the HTSC field. Several
techniques, including Bitter decoration and neutron diffrac-
tion, have been used to study the structure of flux-line lat-
tices. While both of these techniques have provided signifi-
cant insight into the structure of flux-line lattices, they have
not been able to provide direct information about defects that
pin the flux lines. STM and magnetic force microscopy are
capable of imaging both flux lines and crystal struct(de-
fects simultaneously, and recent results suggest that these
promising techniques will play an increasingly important
role in the future?®’

Alternatively, a new approach that we have developed
combining conventional Bitter decoration and AFM has
yielded significant insight into the structure and pinning of
magnetic flux line$® Bitter decoration provides a well-
established technique for highlighting reproducibly large
numbers of flux lines and, when combined with AFM, en-
FiG. 4. The 60<60 nnt images ofA) Bi,SKLCuQ;, (B) Phy 1Bi; g:SL,CUQ;, ables us to image the decorated flux-line positions and map
and(C) Py Bi SHCUG. out surface defects with nanometer scale resolution. Typical

AFM images obtained on BSCCO single crystals that had
ture, and thus it is apparent that Pb-induced disorder ultiP€en decorated in a magnetic field of 33 G are shown in Fig.
mately destroys this one-dimensional superlattice. These: TWo distinct types of structures are seen in these images:
large structural changes also can have important implication§1€ magnetic flux-line positions, which appear as small cir-
for superconductivity. In particular, we have shown that thecular spots, and surface steps. Analysis of the surface topog-
superconducting critical current density ) increases sig- faphy demonstrates that these steps have heights of 30, 100,
nificantly with Pb doping in BSCCO-221%2 This increase in and 300 nm, respectively. More important, we have shown
JC is believed to arise from enhanced flux-line pinning by thethat the flux-line lattice structure can differ significantly de-
structural disorder caused by Pb substitution. pending on the surface step height.

We have also carried out similar studies on Pb-substituted The flux-line lattice orientation is seen most clearly in
BSCCO-2201 crystals. In general, the STM images of théwo-dimensional Fourier transforfDFT) power spectra of
Pb-doped 2201 crystals were similar to those obtained on theelected regions of these images. In FigA) the flux-line
Pb-doped 2212 crystals; that is, increasing disorder was obattice orientation is independent of surface step as is clearly
served as the Pb concentration was incredsed Fig. 4 To  evident when comparing the flux-line lattice reciprocal lat-
quantify the order in these crystals to compare our results ttice vectors with the step direction. In Fig(B9 which con-
those obtained by electron diffraction we have also calcutains a larger step, the 2DFT shows that a principle axis of
lated the two-dimensional structure factSsp(k)=|p(k)|?,  the flux-line lattice is aligned preferentially along the straight
wherep(k) is the Fourier transform of the atom density, from section of the step. The overall orientation of the flux-line
images as a function of Pb concentration. Consideration dfttice is not perturbed, however, by the curvature in the step
this analysis suggests at least two significant points. First, at the bottom of the image. The structure of the flux-line

JVST B - Microelectronics and Nanometer Structures
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Fic. 5. AFM images recorded on a BSCCO crystal that was decorated at 4.2
K in a magnetic field of 33 G. Each image shows a surface step that crosses
the crystal surface. The insets correspond to 2DFTs calculated from the
AFM images; the 2DFTs have been rotated by 90° so that the reciprocal
lattice vectors can be compared directly with the real-space directions. In
(A) and (B) the 2DFTs were calculated from the entire images(Gj the
three 2DFTs were calculated from the areas of the image where they are
displayed. The images i), (B), and(C) are 25.4, 31.5, and 496m on a

side, respectively. Reproduced from Ref. 28.

lattice in Fig. 8C), which contains the largest step, is more
complex and interesting. 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 is also pinned in this same orientation.
However, the 2DFT demonstrates that the flux-line lattice
orientation in the lower right part of the image is rotated
relative to the upper part. This rotation follows the change in _ _
step direction that oceurs at the botiom of the image. Signiie. AT meges ot & PSCCO arya ecoro betore ining(®)
cantly, the two distinct flux-line lattice orientations lead to concentrated bromine solution. The step heights in im&Be®) are ~1.5
the formation of a grain boundary in the lattice. We havenm.
developed a model to understand the propagation of these
grain boundaries by considering the pinning energy associ-
ated with the surface step and the energy to elastically destching approach using force microscopy. The emphasis in
form the flux lattice?® More important, using the AFM data this work is to exploit specific chemical etchants to control
has made it possible to demonstrate that the grain boundari#ise surface morphology of these complex materials. For ex-
propagate completely through the superconductor sampleanple, we have investigated the solvent and concentration
and thus influence significantly the bulk structure of the flux-dependence of bromine/alcohol etching of BSCCO surfaces
line lattice. and found that it is possible to vary the etching process from
The complex surface properties of the HTSCs describethyer by layer to nearly verticalsee Fig. 6. Figure 6B)
above have also led to difficulties in making reliable STM shows an atomically flat BSCCO surface obtained by layer-
spectroscopy measurements and in fabricating controllety-layer etching; the surface features in this image all corre-
junctions needed for applications. These problems arisingpond to half unit cell steps of1.5 nm. In contrast, Fig.
from the complex surface properties of HTSC materials car6(C) shows that higher etchant concentrations produce pri-
in principle be overcome by eithét) a controlled removal marily vertical etching of the BSCCO surface. To demon-
of specific oxide layers via etchirfg.or (2) through selective strate the generality of this technique we have also carried
termination of thin-film growth with a particular oxide out similar studies on LgSr, ,CuQ, (LSCO) crystals. The
layer®® We have recently begun systematic studies of thestep-terrace structure exhibited in Fig. 7 shows that it is pos-

J. Vac. Sci. Technol. B, Vol. 14, No. 2, Mar/Apr 1996
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