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Reconfiguration of charge density waves by surface nanostructures on TaS2

R. Adelung, J. Brandt, L. Kipp, and M. Skibowski
Institut für Experimentelle und Angewandte Physik, Universita¨t Kiel, D-24098 Kiel, Germany

~Received 22 September 2000; published 6 April 2001!

The transition metal dichalcogenide 1T-TaS2 forms charge density waves due to the quasi-two-
dimensionality of its electronic structure. Here we show how the growth of Rb nanowires on the surface of
1T-TaS2 affects the superstructure of the charge density waves. Scanning tunneling microscopy and low-
energy electron diffraction studies show the replacement of the normal TaS2 room temperatureA133A13
phase byc(2A334)rect. and 333 superstructures depending on the state of nanowire growth. Furthermore,
angle resolved photoemission studies give evidence for a metal to semiconductor transition when the super-
structure of the charge density wave is changed. These changes are discussed in the context of nanowire
growth, which is accompanied by a change in the dimensionality of the electronic states of 1T-TaS2.

DOI: 10.1103/PhysRevB.63.165327 PACS number~s!: 79.60.Jv, 68.37.Ef, 64.60.2i
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I. INTRODUCTION

The geometric and electronic structures of layered tra
tion metal dichalcogenides~TMDC’s! have been the subjec
of many experimental and theoretical investigations~see,
e.g., Refs. 1–6!. This is mainly due to their quasi-two
dimensionality and resulting unique physical properties,
hibiting phase transitions and charge density wa
~CDW’s!. As model systems for high-temperature superc
ducting cuprates their enhanced electron-phonon interact
have led to increased interest in TMDC’s recently.7–9 De-
pending on temperature the periodicity of the CDW’s is su
ject to a series of phase transitions with considerable in
ence on the electronic structure in the vicinity of the Fer
level. For 1T-TaS2 there is a metal-semiconductor transitio
at around 180 K associated with a structural transition du
electron-phonon coupling from a nearly commensurate~NC!
to a commensurate~C! CDW phase accompanied by a com
pletely locked-in A133A13 superstructure. In this phas
transition a gap opens at the Fermi level.1,10–13For 1T-TaS2
it is well accepted that this mechanism is driven by the
istence of large parallel sheets of the Fermi surface~Fermi
vector nesting! resulting in an enhanced dielectr
susceptibility.14 Compared to the similar Peierls instability
one-dimensional metals,15,16 in quasi-two-dimensiona
1T-TaS2 only fractions of the Fermi surface satisfy the ne
ing condition.

It is well known that ~concerning their phase angle!
charge density waves in layered materials are pinned
defects.16 Complete structural changes of the charge den
waves, however, can also be obtained by electrochem
intercalation.17,18 In particular, electrochemical or vacuum
intercalation of guest materials into the van der Waals
between the sandwich layers results in different periodici
of the CDW’s. Superstructures revealing 333 or the so
calledA7/83A7/8 structure are often observed and seem
be substantially independent of the type of intercala
material.19,20 All these intercalation processes have in co
mon an increase in the layer perpendicular lattice param
c,21,32 resulting in an enhanced two-dimensionality of ele
tronic states. Consequently, larger parallel sheets of
Fermi surface perpendicular to the layers are obtained, le
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ing to pronounced changes of the properties of the associ
CDW’s. It should be noted here, however, that upon elec
chemical intercalation the lattice parameterc can only be
increased in discrete steps depending on the size of the
tercalated material. Furthermore, due to a significant cha
of the chemical composition of the intercalated materia
strong influence on the electronic structure of the interca
tion compound itself is expected.

It has been shown recently that exposure of alkali-me
atoms to surfaces of layered transition metal dichalcogen
in ultrahigh vacuum results in growth of nanowires whi
finally form networks on the surfaces.23 Typical total cover-
age of the surface with nanowires is below 4%24 and average
diameters of the layered material inside the meshes are o
order of 1mm. Associated with the formation of the nanow
ire network on the surface is a corrugation of the surfa
layer combined with a slight elevation depending on the s
of network growth. This elevation of the surface layer, whi
can be continuously tuned by the amount of nanowi
grown on the surface, leads to an electronic decoupling
the surface layer electronic states from the bulk sta
Thereby the dimensionality of the electronic states and
fraction of parallel Fermi surface sheets can be continuou
adjusted. It should be noted here that the adjustment of
mensionality is achieved by maintaining the chemical co
position of the layered crystal between the nanowires, wh
contrasts with intercalation studies where the chemical co
position is drastically changed.

In this paper we show how the growth of Rb nanowir
on the layered material 1T-TaS2 can be used to manipulat
the CDW’s and associated electronic structure.

II. EXPERIMENT

All images shown here were taken with a standard sc
ning tunneling microscope~STM!.25 Samples can be move
in vacuobetween interconnected pods containing the pre
ration system~base pressure below 10210 mbar!, an angle
resolved photoemission spectrometer, and a low-energy e
tron diffraction ~LEED! system. Angle resolved photoemis
sion spectra were taken either with HeI a radiation~21.2 eV
photon energy! or with synchrotron radiation supplied from
©2001 The American Physical Society27-1
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the BW3 (hn530–80 eV! and HONORMI ~8–30 eV!
beamlines using the spectrometer ASPHERE at HASYL
in Hamburg.26 An angular resolution of less than 1° and
energy resolution ofDE575 meV were chosen.

III. SAMPLE PREPARATION AND NANOWIRE GROWTH

All results shown here were obtained from chemical v
por transport~CVT! grown TaS2 samples using iodine a
transport agent. Clean surfaces were prepared by cleava
ultrahigh vacuum. Depending on the cooling procedure a
CVT growth, 1T or 2H polytypes of TaS2 can be formed. In
general quenching~i.e., shock cooling of the crystals to room
temperature! right after growth is performed to obtain the 1T
phase. An alternative to get the 1T phase is described in Re
5, where ICl2 is used as transport. Extreme quenching, ho
ever, often results in poor crystal quality. Using scann
tunneling microscopy we have characterized cleaved
faces of TaS2 samples that have been quenched and m
slowly cooled (;25 K/min! after growth, respectively.

In Fig. 1 we show STM images for a quenched@1~a!# and
a more slowly cooled@1~b!# TaS2 sample. While the
quenched samples show a number of cracks with typ
depths of more than 20 nm, the more slowly cooled crys
exhibit no major defects on the same length scale and
corrugations due to the charge density waves characteri
the 1T phase are clearly visible. Interestingly, both surfac
provide relatively sharp LEED images revealing the sa
CDW superstructures@see inset in Fig. 1~b!#. It is evident
that quenched samples are not suitable for adsorption o
tercalation experiments because even large molecules
easily diffuse along cracks into the bulk of the material. F
all adsorption experiments shown in this work we used m

FIG. 1. Room temperature STM empty state~bias 0.7 eV,I T

5200 pA! images of 1T-TaS2 surfaces. Horizontal dimensions a
120 nm.~a! Quenched crystal surface exhibiting large cracks. T
inset shows the CDW superstructure in an enlarged area betw
the cracks.~b! More slowly cooled (;25 K/min! sample showing
proper CDW’s without cracks. Both surfaces provide a simi
LEED pattern as shown in the inset.
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slowly cooled 1T-TaS2 substrates exhibiting proper charg
density waves in the NC phase at room temperature.

Rb exposure was performed using commercial SAES G
ter sources.27 The 1T-TaS2 substrates were kept at room
temperature. Depending on the dispenser current two dif
ent evaporation modes were applied. Evaporation at typ
currents of 6–7 A results in a glowing of the dispenser. T
will be described in the following as the ‘‘hot’’ evaporatio
mode to accentuate that the material is evaporated at
flux. A second evaporation mode using dispenser curre
about 3–4.5 A will be denoted as the ‘‘cool’’ evaporatio
mode. The quantity of Rb adsorbed on the surface of
layered crystals was carefully calibrated by surface pho
voltage measurements28,29 and scanning tunneling micros
copy. By adjusting the evaporation time similar amounts
Rb atoms were adsorbed in both modes.

For the cool evaporation mode employing a relatively lo
flux ~about one-tenth of the hot case! it is likely that a ran-
dom adsorption of Rb atoms on the surface is achieved.
to a low activation barrier for surface diffusion30,23 these
atoms are highly mobile on the surface and thus canno
visualized in STM images taken at room temperature.

For the hot Rb exposure a completely different adsorpt
behavior is observed. Instead of a random distribution of
atoms, networks of Rb containing nanowires are obtaine23

~see Fig. 2!. Depending on the time of Rb exposureopenand
closednetworks can be generated. While an open netw
@Fig. 2~a!# shows a number of nanowires with open end
closed networks@Fig. 2~b!# almost exclusively exhibit com-
plete meshes. The nanowires start to grow along extrem
weak irregularities~folds! of the surface layer, which can
eventually be found on otherwise extremely flat surfaces
any TMDC grown by CVT.31 These folds separate slightl
tilted (,0.02 °) surface areas.23 A wire end induces stres
along the fold, which leads to a crack in the topmost surfa
layer. It should be noted here that these cracks were
found on the clean substrate. Acting like a condensing g
highly diffusing Rb atoms at room temperature will b
trapped by the cracks after hopping over the Schwoebel
rier at the edges of the cracks and driving the crack furt
along the fold. Diffusion length along the cracks is app
ently large since no wire fragments can be observed. T
growth mode of the nanowires is schematically depicted
Fig. 3~a!. A side view of the topmost three layers is shown
Fig. 3~b!. Rb wires separate areas in the topmost surf
layer thereby introducing stress in these layer fragments~in-
dicated by the corrugation!. Stopping growth in an interme
diate state thus results in an open network. Further gro
finally leads to a closed network of Rb nanowires.

It is important to note that the rubidium contained in t
wires stays for more than 1 month on the surface. A tardyin
situ intercalation can therefore be excluded. This behav
differs from that of other adsorbates on 1T-TaS2, e.g., for Na
or Cu,20,32 it is believed that a rapid intercalation occurs d
rectly through the layers.

IV. RESULTS AND DISCUSSION

A. CDW superstructures

The clean 1T-TaS2 surface exhibits the well known
(A133A13)R13.9 ° superstructure according to the nea

e
en

r

7-2



ag
M
ly
th

t
re

f 3
he
ru
ow

D
rn
o

by
d
s,
nc
he

ents

.
s

k of
ins.
re

to

al

ree
su-

s of
n
ing

ol-
full

ob-
try

d
o-

als.
’’

is

RECONFIGURATION OF CHARGE DENSITY WAVES BY . . . PHYSICAL REVIEW B63 165327
commensurate room temperature CDW phase. The hex
nal array of CDW domains is clearly evident in the ST
image of Fig. 1~b!. The corresponding LEED pattern nice
shows the CDW superstructure. Upon Rb adsorption
CDW superstructure is suppressed and, depending on
type of Rb exposure, a variety of new CDW superstructu
are formed.

Upon hot evaporation of Rb with an exposure time o
min resulting in an open network of Rb nanowires on t
surface, the most dramatic changes of the CDW superst
ture are observed. The corresponding LEED pattern sh
in Fig. 4~d! reveals a large number of superstructure LEE
spots. It should be noted here that similar LEED patte
were obtained after electrochemical intercalation of Na
N2H4 in TaS2,20,19and were assigned to aA7/83A7/8 three-
domain CDW superstructure. Following the notation
Wood, however, this superstructure should be describe
c(2A334)rect.33,34 The occurrence of three CDW domain
however, requires a reduction of surface symmetry. Si
LEED investigations cannot give detailed insight into t

FIG. 2. STM empty state images~bias 0.7 V,I T5200 pA! of Rb
nanowire covered 1T-TaS2 surfaces.~a! Open nanowire network
obtained after 3 min Rb exposure. The white square is magnifie
Fig. 4 below.~b! Closed network obtained after 4.5 min Rb exp
sure.
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structure of each of the three domains STM measurem
have been performed.

Figure 4~a! shows a 120 nm3123 nm sized STM picture
This enlargement of Fig. 2~a! shows a crack pattern, which i
induced by stress at the end of a wire.23 Such a pattern has
never been found on a clean sample surface. The networ
crack lines and wires divides the sample into single doma
In each domain only one type of CDW can be found. Figu
4~a! shows an enlargement of a wire end, where three~I,II,
III ! CDW domains were found, which are rotated by 60 °
each other. The LEED pattern in Fig. 4~d! can be composed
by combining the power spectra of the three individu
zones, which are marked by I, II, and III in Fig. 4~c!. In this
way it is possible to assign each spot to one of the th
domains and assign the LEED pattern to three identical
perstructures that are rotated by 60 ° to each other.

It should be noted here that thec(2A334)rect. super-
structure, although misleadingly assigned toA7/83A7/8 has
also been observed in electrochemical intercalation studie
N2H4 in TaS2.19 The occurrence of a twofold symmetry i
the CDW superstructure, however, was explained as be
induced by the twofold symmetry of the intercalated m
ecule. Since Rb is evaporated atom by atom and thus has
spherical symmetry it cannot explain the superstructure
served here. The origin of the reduction of surface symme

in

FIG. 3. Schematic of Rb nanowires grown on layered materi
~a! Top view during growth. The big arrows beside the ‘‘wire
indicate stress induced by the nanowire.~b! Side view of the top
three layers with grown wires. The corrugation of the top layer
due to the induced stress.
7-3
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R. ADELUNG, J. BRANDT, L. KIPP, AND M. SKIBOWSKI PHYSICAL REVIEW B63 165327
may be found in the type of stress induced by the nanowi
As schematically depicted in Fig. 3~a! parallel wires induce
compressive stress perpendicular to the direction of
wires. For an open network this type of stress domina
giving rise to three domains of lower symmetry. So it
likely that the surrounding wires and/or the crack lines d
termine the alignment of the CDW’s by providing nonun
form stress. It may thus be possible that strain fields indu
by nonuniform intercalation can also explain the CD
phases found in earlier intercalation studies.

After 4.5 min Rb exposure in the hot evaporation mod
closed network of Rb nanowires is found on the surface@see
Fig. 2~b!#. The corresponding LEED pattern exhibiting
~single domain! 333 superstructure is shown in Fig. 5~c!.
The number of open ended wires is drastically reduced

FIG. 4. ~a! and~b! Magnification of the STM image of Fig. 2~a!
~open Rb nanowire network on 1T-TaS2) in the vicinity of an end
of a nanowire. Folds separating different CDW domains assigne
I, II, and III are evident as dark gray lines.~c! Power spectra of
different CDW domains and sum compared to LEED pattern in~d!,
which can be identified asc(2A334)rect. superstructure.
16532
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closed network. Consequently the uniaxial stress from pa
lel open ended wires is replaced by hydrostatic pressure f
wires closed around single meshes. In this case a reduc
of symmetry is less likely than a homogeneous shrinking
the substrate lattice in the first layer. Therefore a thr
domain CDW superstructure is not expected here.

In the cool evaporation mode the charge density wa
pattern completely vanishes and the LEED image sho
only a 131 pattern representing the unit cell of 1T-TaS2.
The varieties of CDW phases observed on clean and Rb
posed 1T-TaS2 surfaces are summarized in Fig. 5. Since
intercalation studies even more different thermodynam
phases of TaS2 are found,20 it is likely that additional phases
may exist at different wire coverages.

B. Electronic structure

The geometric superstructures of the various charge d
sity wave phases of clean and Rb exposed 1T-TaS2 are inti-
mately related to characteristic features in their correspo
ing electronic structures. Angle resolved photoemiss
spectroscopy probing the occupied electronic states is a p
erful tool to evaluate these variations.

In Fig. 6 we show angle resolved photoemission spec
taken in normal electron emission at 21.2 eV photon ene
The spectrum at the top represents the clean 1T-TaS2 sur-
face, revealing the nearly commensurate CDW phase
room temperature. The electron emissions are character

as

FIG. 5. LEED patterns and CDW superstructures for clean
Rb exposed 1T-TaS2. ~a! commensurate CDW structure of th
clean crystal;~b! one of the threec(2A334)rect. domains found
after the hot evaporation of 3 min;~c! 333 superstructure observe
after the hot evaporation for a longer time of 4.5 min;~d! no CDW
superstructure obtained after the cool evaporation.
7-4



th

b
a
o
se
pi

io
y
th

m
is
ts
n
om

g
ed
th

oo
h
m

fo

s is
. 7

t the

e
tra

In

et-
rst.

a
t

a of
s

RECONFIGURATION OF CHARGE DENSITY WAVES BY . . . PHYSICAL REVIEW B63 165327
by Ta 5d valence bands at binding energies between
Fermi level and21.5 eV. The features below21 eV bind-
ing energy originate fromp-derived sulfur states. Upon R
exposure and associated growth of nanowires, dram
changes are evident. For open and closed network ge
etries the electron density at the Fermi level is suppres
thereby opening a gap between occupied and unoccu
electronic states.

It should be noted here that this metal-insulator transit
is driven by growth of nanowires on the surface of the la
ered material. It has been shown that the growth of
nanowires is accompanied by a decrease ofk dispersion of
electronic states perpendicular to the layers.35,36 This gives
evidence for an electronic decoupling of the first layer fro
the bulk. Thek dispersion parallel to the layers, however,
preserved. The energy gap in the insulating state amoun
roughly 0.4 eV in the occupied part, which is more than o
order of magnitude larger than the gap observed in the c
mensurate phase of clean 1T-TaS2 below 180 K.3,13 More
drastically, it appears that the highest-energyp-orbital-
derived structure~about 1.5 eV below the Fermi level! van-
ishes completely~see dashed line!. Such behavior which is
also observed in intercalation studies22 is due to a decreasin
overlap ofp orbitals when the layer separation is increas
This also corroborates the nanowire induced elevation of
first layer.

A spectrum of a Rb exposed surface employing the c
evaporation mode is depicted at the bottom of Fig. 6. T
spectrum is characterized by suppressed valence band e
sions and a high low-energy background, which is typical
a contaminated surface.

FIG. 6. Angle resolved photoemission valence band spectr
clean and Rb exposed 1T-TaS2 taken in normal electron emission a
21.22 eV photon energy.
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The dispersion of electronic states parallel to the layer
also affected by the different CDW superstructures. In Fig
we show angle resolved photoemission spectra taken a
high-symmetry pointsG, M, andK ~see the Brillouin zone in
the inset! for clean and Rb exposed 1T-TaS2. The clean
sample in Fig. 7~a! exhibits clear differences between th
high-symmetry points. For an open Rb network the spec
taken at different high-symmetry points look very similar.
the closed network case the dispersion appears again@see
Fig. 7~c!#. Since every closed network starts as an open n
work, the return of the dispersion appears surprising at fi

of

FIG. 7. Angle resolved photoemission valence band spectr
clean and Rb exposed 1T-TaS2 taken at the high-symmetry point
G, M, andK of the Brillouin zone~see inset!. Photon energy was
21.22 eV.
7-5
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However, for the open Rb nanowire network case there
threec(2A334)rect. CDW domains~each being rotated by
60 °) present on the surface. Since photoemisssion integ
over these domains the dispersion appears to be smeare
For a closed Rb nanowire network, in contrast, only one
33 domain is observed and stronger dispersion of electro
states parallel to the layers is restored. In contrast to
network covered samples, randomly adsorbed Rb on the
face leads to vanishing dispersion and a huge inelastic b
ground. Such features are typical for a contaminated sur
in photoemission. It is likely that the disordered Rb ato
strongly scatter the photoelectrons.

The surface sensitivity of photoemission can be tuned
adjusting the kinetic energy of the detected electrons. C
sequently, by taking photoemission valence band spectr
different photon energies different layers perpendicular
the surface can be probed. While for kinetic energies
tween 20 and 40 eV the surface sensitivity is highest
mainly the uppermost surface layer is probed, for higher
ergies electrons excited in the second layer can also es
through the surface.

A series of normal emission photoemission spectra ta
at 26, 41.6, and 78.8 eV photon energy on clean~black
curves! and Rb exposed~closed network, gray curves!
1T-TaS2 surfaces is shown in Fig. 8. At 41.6 eV photo
energy the characteristic sulfurp states between21 and
23 eV ~black curve! are suppressed after nanowire form
tion ~gray curve!, constituting thep-d gap. At higher photon
energies the escape depth for photoelectrons reaches the
ond layer. As this layer represents the untouched subst
photoemission spectra at these photon energies must
superposition of the electronic spectra of the two dim
sional first layer on the bulk substrate spectra. This is w

FIG. 8. Valence band spectra obtained from clean 1T-TaS2

~black! and closed Rb network covered surfaces~gray! taken at
higher photon energies. The suppressed sulfurp state structure
~hatched! reappears in the 78.8 eV spectrum due to enhanced
sensitivity ~marked by dashed line!.
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can be observed in Fig. 5: In thep-d gap parts of the
p-derived sulfur emission are found again, indicating that
following layers are unaffected by the changed CDW ph
of the topmost layer.

CDW’s that are associated with a periodic lattice dist
tion are also evident in Ta 4f core level spectra. Figure 9

shows the Ta 4f 5
2 and 7

2 doublets of the clean sample me
sured at 300 K and 30 K, respectively, and a spectrum o
sample covered with a network of Rb nanowires. The Taf
core levels are additionally split due to inequivalent latti
positions of the Ta atoms in the charge density wa
phase.37–39 The increased splitting of the core levels o
served at lower temperature~see Fig. 9! is well known and
induced by the phase transition from the NC to the C ph
of clean 1T-TaS2. It represents the energy gain of the syste
due to the CDW lock-in. For the Rb nanowire network co
ered sample an even larger splitting is observed. A m
detailed analysis, however, appears to be difficult beca
the core levels may be composed from an overlap of the
333 superstructured~nanowire! layer and the second laye
which is believed to still be maintained in the NC phase.

V. SUMMARY AND CONCLUSIONS

We have investigated the structural and electronic prop
ties of the clean and Rb exposed charge density wave m
rial 1T-TaS2. It is found that Rb adsorbs on the surface
the layered material and does not intercalate into the van
Waals gaps between the layers. Depending on the evap
tion mode Rb adsorbs randomly or forms different netwo
of nanowires. Upon Rb exposure the charge density w
superstructure changes from (A133A13)R13.9 ° for the
clean surface toc(2A334)rect. or 333 depending on the
type of network. The transformation of the superstructu
appears to be driven by stress that is induced by the nan
ires. This contrasts with earlier intercalation studies us
other materials, where it was concluded that the change
the superstructures were induced by the symmetry or per
icity of the intercalated species. In the electronic structure
nanowire induced CDW changes are associated with a m
insulator transition, which reflects the energy gain due

lk

FIG. 9. Ta 4f core level spectra (hn578 eV! for clean~lower
and middle spectra taken at 300 K and 30 K, respectively! and Rb
nanowire network covered 1T-TaS2 ~top spectrum!. Right: magni-
fication of the Ta 4f 7/2 level. Solid lines indicate the CDW induce
splittings. Spectra taken with a total energy resolution of 0.03 e
7-6
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formation of the superstructures. Photoemission meas
ments using different photon energies and surface sens
ties give evidence that the nanowire induced CDW is t
dimensional and appears to be located in the first layer o
Due to the periodic lattice distortions Ta 4f core levels are
split according to the different Ta positions.
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