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Various regimes of charge-density waves in layered compounds
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In this paper we have subjected different layered transition-metal dichalcogenides to scanning tunnel-
ing microscopy to reveal the electronic charge distribution associated with the charge-density-wave
(CDW) part of the superstructure, in addition to the atomic corrugation. The observations presented
display three regimes ranging from a localized CDW centered around defects or impurities in the case of
1T-TiS,, via an intermediate regime governed by overlapping envelope functions in 2H-NbSe,, to a fully
developed CDW in 17-TaSe, (as well as in a large number of other compounds). We have obtained
strong indication from both direct-space observations and comparison to calculated images based upon
the Ginzburg-Landau theory that localized charge-density waves do exist in conjunction with associated
lattice distortions. The fact that these observations have been made in solids ranging from (dirty) semi-
conductor (17-TiS,) to semimetal (17-TaSe,) to metallic (2H-NbSe,) points to the general applicability
of the phenomenological Ginzburg-Landau theory, employed to describe the various regimes in which
the formation of charge-density waves and the accompanying periodic lattice distortions appear to act.

I. INTRODUCTION

A large number of layered transition-metal dichal-
cogenides (LTMD) exhibit first-order phase transitions,
having a marked effect on electrical conductance, Hall
coefficient, and magnetic susceptibility. For nearly two
decades, charge-density waves (CDW) and the accom-
panying periodic lattice distortion (PLD) in layered
transition-metal compounds are held responsible for
these effects. 2

CDW appear to occur in a number of two-dimensional
layered compounds such as TaS,, TaSe,, and NbSe,. The
former two appear in the so-called 17 phase as well as in
the so-called 2H structure. In the 17 structure the metal
ion is octahedrally coordinated, whereas in the 2H struc-
ture the metal ion is trigonal-prismatically coordinated.
NbSe, exhibits only the 2H polytype structure.

Above some critical temperature global CDW are ab-
sent and this is referred to as the normal state. Below
this temperature a CDW is present, the wave vectors of
which are not low-integer rational fractions of the
crystal-lattice  reciprocal vectors [incommensurate
charge-density wave (ICDW)]. At even lower tempera-
ture the wave vectors become commensurate, spanning a
perfect superlattice [commensurate charge-density wave
(CCDW)]. The transition ICDW-CCDW is of a first-
order nature and may show complicated behavior and
hysteresis may be present. This has been attributed to
CDW domains in which the overall ICDW is divided into
commensurate domains separated by domain walls in
which there is a phase-angle discontinuity.® The first-
order transition temperatures of 17-TaSe, and 17-TaS,
are 473 and 150 K, respectively. The scanning tunneling
microscope (STM) is sensitive to both atomic arrange-
ments and electronic structure. However, in the case of
CDW/PLD it is generally the condensation of
conduction-electron charge density the resulting image
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will be influenced by to the greatest extent, rather than
the shift in position of the atomic centers, generally being
small with respect to the interatomic distance. This is in
contrast to, for instance, x-ray diffraction, where dis-
placements in the atomic positions contribute to the
diffraction patterns. The periodic lattice distortion is
only manifest at the discrete lattice sites and this results
in diffraction spots accompanied by satellites. The time
average of the electronic charge density, however, is a
continuous function of spatial coordinates and when mea-
sured in real space will result in a topograph of the distri-
bution. The question whether the STM indeed acts as a
device that measures the local electronic charge density
was treated by Tersoff.* In this case the tip-sample junc-
tion can be regarded as acting in the tunneling regime
and the spread of the Fermi distribution is small (i.e.,
zero temperature) and the tip-sample bias voltage is low.
The tunneling current is calculated using first-order per-
turbation theory
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where 1 and v denote electronic states in tip and sample,
respectively. Ep denotes the Fermi energy and M, , is
the tunneling matrix element. When the tunneling probe
can be modeled by a 8 distribution, then the expression
reduces to

Jo< |V (r)*8(E,—Ep) . )

The right-hand side of expression (2) equals the local den-
sity of states at the Fermi level, which is proportional to
the conduction-electron charge density. From this it is
concluded that the tunneling current, determined by the
local density of states at the Fermi level, probes the
conduction-electron charge density as a function of spa-
tial coordinate. Direct measurement of the charge-
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density wave, superimposed on the periodic charge densi-
ty due to the atomic lattice, is therefore possible.

Since the STM is able to make observations in direct
space, localized distortions in the CDW will then im-
mediately become evident from the observations. There-
fore the scanning tunneling microscope is an instrument
well suited for studies of the charge-density waves exist-
ing in solids and the real-space high-resolution capabili-
ties of this instrument makes it a powerful tool in the in-
vestigation of the effect of defects and/or impurities on
the CDW. The flat cleavage surface makes the LTMD
especially suitable for examination by STM.

Various authors have investigated the effect of defects
and/or impurities on CDW/PLD formation with pulsed
NMR and electron diffraction and this has resulted in the
recognition of the onset of CDW/PLD formation above
the temperature for which the system undergoes a phase
transition.’~® Chemical substitution has led to distorted
CDW as seen by the scanning tunneling microscope.®

Here we present STM results on a number of LTMD
compounds, belonging to different regimes as far as crys-
tal symmetry and electronic transport properties are con-
cerned. Firstly, results on 17-TaSe, are presented. In
17-TaSe, the Ta atoms are octahedrally coordinated by
the Se. A transition from CCDW to ICDW develops at
473 K whereas at about 600 K the structure transforms
to a different polytype (2H-TaSe,) and the transition
from ICDW to normal is therefore absent. The CCDW
has periodicity equal to 3a—b and a and b denote primi-
tive vectors, 120° apart, spanning the surface crystal lat-
tice. This rotation costs less energy than a change in
wavelength of the CDW which could result in a 3aX3b
superlattice. The electric conductivity is governed by the
semimetallic character. Secondly, 17-TiS, is discussed.
This material is a “dirty” semiconductor with a small
band gap and is close to semimetallic behavior. No glo-
bal CDW formation is known to exist in this material at
any temperature. The Ti atoms are in octahedral coordi-
nation; this implies existence of two kinds of tetrahedral
vacancy sites next to octahedral sites fully occupied by Ti
in the perfect crystal and a double number of octahedral
vacancies in the van der Waals gap in between adjacent
sandwiches. The dirty semiconductor behavior points at
intrinsic defects, probably displaced Ti atoms. Thirdly,
2H-NbSe, crystals are investigated. This material is me-
tallic and the Nb atom has trigonal prismatic coordina-
tion. An ICDW develops at 33 K, with an almost 3a X 3b
structure. Below 7 K 2H-NbSe, becomes superconduct-
ing and CDW formation and superconductivity coexist.

II. THEORETICAL CONCEPTS

Since the phase transformations in the sequence
normal-ICDW-CCDW are ‘“weak” first-order transitions,
McMillan'3 has employed the Ginzburg-Landau theory'*
to describe these phenomena. It forms the basic tool in
our analysis and therefore it will be summarized in a con-
cise way. Recognizing the fact that experiments show
three charge-density waves that have components 120°
apart, McMillan introduces a six-component order pa-
rameter consisting of three complex functions ;(r).
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These are related to the conduction-electron charge den-
sity by

plr)=py(r)[1+alr)], (3)
where py(r) is the charge density in the normal state and
a(r)=Re{¢,(r)+9,(r)+¢;(r)} . (4)

Now the free-energy density must be constructed. The
simplest form to start with is the ‘“Landau” part of the
free-energy density: aa’+ba’+ca*+ - -, where the
cubic term must be included to describe a first-order tran-
sition. This expression, however, does not permit a dis-
tinction between single and triple charge-density waves.
Therefore cross terms are added of the form
d (|9, 0,|*+ | 05)2+ |¥39,]|?). The gradient terms are
chosen such that the free energy is a minimum when the
wave vectors of the CDW correspond to those observed

3 3
ey g V—ighy,*+1 3 lq; X Ve|* . (5)
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Here |q;|=27/A, where A represents the wavelength of
the incommensurate CDW and the directions lie in the
plane separated by 120°. The coefficients e and f refer to
the “elastic constants” of the CDW. The particular q;’s
are related to the geometry of the Fermi surface. All the
coefficients a,b, . . ., etc. must have the periodicity of the
lattice, e.g.,

a(r)=aqg+a; Y expliK;1), (6)

where K; is one of the six shortest reciprocal-lattice vec-
tors of the hexagonal planar lattice. If d,>9c,/4, the tri-
ple CDW will be more stable than a single CDW.

Now, the total energy can be minimized with respect
to variations in the order parameter, i.e., the total energy
of one layer (integration of the Landau expression of the
total energy over d’r), is minimized with respect to varia-
tion in 83. The variations may be written out explicitly
and set to zero. Like the zero-field solutions in the
Ginzburg-Landau theory,'* the solution of #(r) of this
differential equation is, beside the trivial solution of
¥(r)=0, a plane wave ¥(r)=1yexp(iq-r). The coherence
length is given by the square root of the ratio of the
coefficient of the gradient term in the free energy to that
of the quadratic term. Assuming an order parameter of
the form y;(r)=exp[i(q;+q)-r] with q|q;, the coher-
ence length is given by
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where the total free energy can be written as (taking the
crystal potential to be equal to zero)

F=T3 [+a,+ep(q;-q)*+ folq; Xq)* 1}
q
=>gq¥% - @)
q

In the normal state the charge density is unaffected and
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uniform. However, impurities may give rise to fluctua-
tions in the order parameter. As a consequence
¥;(r)=¢(r)exp(ik;-r), where k; =q; for the incommensu-
rate phase and k; =K, /3 for the commensurate phase.
Both the coefficient ¢(r) and the impurity potential U (r)
can be Fourier transformed, like

B)=¢p+ 3 dye'T . ©)
q

In Eq. (8) the contribution due to the impurity potential

must be added to the free energy together with a change

of ¢ by ¢4. Next, minimizing F with respect to ¢4, Eq.

(9) can be rewritten for one impurity at the origin as
z(q+q, )r

—1U, 2 (10)

,'( )= ar
¥i(r ¢0e g4

Combining Eq. (10) with (3) the expression for the charge
density around one impurity is given by'* (assuming e to
be equal to f)

3 wugcos(q;-r)f(r/€)

= 1— . (11)
pLeI=pele) i§1 4"790‘1i2

This equation is valid for q;-r> 1. The function f(r/§)
is expressed as an integral
e Y/t

f(r/g fw( 2__ 1)1/2dy (12)

This is an improper integral for the integrand approaches
infinity when y approaches 1 and the integration interval
is infinite. However, the integrand may be approximated
for low and high values of y and the contributions of the
lower and upper part of the integration interval are readi-
ly estimated. The contributions of the intermediate
values of y can be calculated numerically. This pro-
cedure may be carried out for various values of /. The
function f(r/£) shows an asymptotic behavior according
to

In(1.12§/r), r/&<<1 (13)
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f(r/§)= l;% e—r/é’, r/§>>1 . (14)

The numerically calculated values then can be checked
against this asymptotic behavior. The function f(r/£) is
displayed in Fig. 1. The resulting expression for the
charge density contains only a few parameters.

III. EXPERIMENTS

In order to obtain topographic maps of the
conduction-electron density, samples of the materials un-
der investigation were subjected to imaging in the scan-
ning tunneling microscope operated in air, at room tem-
perature, and at relatively low-bias-voltage condition.
The actual bias voltages times the electron charge being
in the order of kT at room temperature, the imaging can
be regarded as being performed at nearly zero bias. In
the low-voltage regime, according to Tersoff,* the tunnel-
ing current is to be interpreted as a measure of the
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FIG. 1. Plot of envelope function f(r /£).

conduction-electron charge density. The tunneling
current was kept at a value of approximately 1 nA and
was adjusted to give stable and reproducible images. The
exponential dependence of the tunneling current versus
tip-sample distance indicates that the junction can be re-
garded as operating in the tunneling regime (see Fig. 2).
The samples were grown by the vapor-transport method
using iodine as the transport agent. Prior to imaging the
samples were cleaved in air, resulting in atomically flat
surfaces. The microscope used was a commercially avail-
able instrument without modifications. !°

A. 1T-TaSe,

Imaging of 17-TaSe, revealed the characteristic super-
position of atomic and CDW corrugation, depicted in
Fig. 3. The measured angles between the lattices and the
ratio of the lattice parameters agree with those observed
earlier.'®”!® The simultaneous appearance of the two
corrugations is due to the fact that the amplitudes of the
two corrugations are about equal. This is not a general
result of all the transition metal dichalcogenides. It is to
be mentioned that one of the CDW maxima is depressed
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FIG. 2. Logarithm of tunneling current vs tip-sample separa-

tion at ¥V —Vip =25 mV for a TiS, sample and tungsten tip.

ample
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with respect to the average amplitude; however, the
atomic lattice shows it to be unaffected by this effect.
This indicates that a disturbance of the CDW corruga-
tion does not necessarily have an effect on the atomic cor-
rugation. The CDW corrugation in this example is de-
scribed well by the equations in the section of this paper
concerning the Landau theory when only a periodic lat-
tice potential is present. However, this does not hold for
the missing CDW maximum and this points at distortion
of the CDW lattice caused by the presence of defects.

B. 1T-TiS,

Earlier results of STM topographs of 17-TiS, have
been reported in Refs. 19 and 20. In our previous paper®
a connection was made with the presence of interstitial
atoms and vacancies. Here, based on the Ginzburg-
Landau theory, we establish a calculation of the appear-
ance of impurity-induced localized charge-density waves.
The observed features are depicted again in Fig. 4 and are
referred to as type 1, type 6, and type 15, respectively (the
nomenclature is based on the number of image spots
differing in intensity from the overall atomic corruga-
tion).

Equation (11) is taken as a starting point for the calcu-
lation of STM topographs. To model the atomic corruga-
tion a superposition of three plane waves is taken, with
wave vectors being equal in size and having an angular
separation of 120°. The wave vectors add to zero, ensur-
ing the maxima to coincide at a two-dimensional Bravais
lattice (hexagonal). The charge-density map obtained
corresponds to the observed corrugation to a fair degree.
The full expression for the calculated images is given by

3
h(r)=A,, 3, cos[K; (r+d,)]

i=1

2 2y11/2
+ Aepw/f [(|r]?+22)]
3
3
X 2 Cos[q['(r+chw)+9CDw] N (15)

i=1

with conditions 3} K;=0and ¥} q; =0.

In all the calculations each set of the wave vectors, ei-
ther K, or q;, consists of a star of vectors of equal length
and 120° apart. The two vector sets have the same orien-
tation. By taking the vectors composing the localized
charge-density wave as somewhat smaller than half the
ones used to generate the atomic corrugation and adjust-
ing the amplitude, location, and correlation length, topo-
graphs are assembled that do resemble the observed
features in the case of type 1 and type 6. For a full ac-
count of the parameters used in Figs. 5-7, see Table 1.
For type 15, much smaller wave vectors were applied and
also a phase shift was introduced, resulting in a topo-
graph in reasonable agreement with the observed type
feature.

For all three features, the origin of the envelope func-
tion was chosen below the surface, at a distance in agree-
ment with the assumed defect sites. The signs of the am-
plitudes correspond to the defect model in which type 2
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FIG. 3. STM constant-height image of
Vample — Viip =3.1 mV and I poine =2.4 nA.

17-TaSe, at

and type 6 are ascribed to titanium interstitials and type
15 as a vacancy at a lattice site normally occupied by ti-
tanium. In fact the calculated images for type 1 and type
6 only differ in the position of the origin of the CDW sys-
tem.

C. 2H-NbSe,

STM topographs of 2H-NbSe, were reported before by
Dahn et al.?! and “buckling of the surface with a period
of several times the interatomic spacing” was mentioned.
The STM images presented here allow us to make a more
careful analysis of this buckling and its possible relation
to charge-density waves. From the constant height map,

FIG. 4. STM constant-current 17-TiS, at

image of
Vample — Viip =25 mV and I poine = 1.3 nA.
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FIG. 5. Calculated STM image of a type-1 feature.

shown in Fig. 8, it is clear that, apart from the atomic
corrugation, whose lattice has the appropriate spacing
and symmetry, a number of atomic sites displays larger
tunneling probability (bright contrast) than the average
amplitude, whereas an about equal number displays the
opposite behavior (dark contrast). Furthermore, there
seems to be a correspondence between the tunneling
current amplitudes of alternate atomic rows. To make
this statement more quantitative, the autocorrelation
function was calculated, as depicted in Fig. 9. This (real)
function shows the correlation between sites connected
by a certain shift vector

G(s)= [ [z(r)z(r+s)d’r . (16)

If the tunneling current map consists of the superposition
of three plane waves, then the autocorrelation function

FIG. 6. Calculated STM image of a type-6 feature.
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FIG. 7. Calculated STM image of a type-15 feature.

will take the same form. The measured autocorrelation
values at the different nearest-neighbor separations are
listed in Table II, taking the values at the center equal to
1. From Table II it can be derived that the next-nearest-
neighbor correlation is larger than the nearest-neighbor
correlation.

The comparison is feasible because the envelope of the
correlation function shows little decay over many inter-
atomic distances. The values of the correlations cannot
be taken as absolute because the correlation depends on
both the corrugation of the superstructure and the cover-
age of the surface area. Next to the autocorrelation func-
tion, the two-dimensional Fourier transform was per-
formed, the intensity map of which is shown in Fig. 10.
The spectrum can be divided into contributions from the
atomic corrugation and the surface buckling, respective-
ly. The atomic lattice has a well-defined period and the
fundamental harmonic constituent gives rise to a hexago-
nally arranged set of bright spots. The spots outside this
hexagon are due to the higher harmonics necessary to de-
scribe the observed current map. Inside the fundamental
hexagon six clouds are visible, having the same symmetry
as the spots belonging to the atomic lattice.

From the autocorrelation function we deduced that the
next-nearest-neighbor correspondence is larger than the
nearest-neighbor correspondence. The vector connecting
next-nearest neighbors also connects alternate close-
packed atomic rows. Alternate atomic rows are connect-
ed by a plane wave having a wave vector half that of the
atomic lattice. Now suppose the observed current map
consists of a superposition of the atomic corrugation and
an electronic density corrugation described by a superpo-
sition of three plane waves. These waves are described by
wave vectors that are about one-half of those describing
the atomic corrugation. Their amplitudes are modulated
by a modulation function containing spatial frequencies
up to about one-half of the fundamental spatial frequency
of the atomic lattice. The resulting Fourier transform
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TABLE I. Parameters used in calculation of Figs. 5,6,7.

Type 1 Type 6 Type 15
K| 2.131X10"° m™! 2.131X10"° m™! 2.131X10"° m™!
la| 0.852X 10" m™! 0.852X 10" m™! 0.320% 10 m~!
dy, (0,0) nm (0,—0.197) nm (0,—0.197) nm
depw (0,0) nm (0,0.492) nm (0,0) nm
0 0 —1.100
£ 0.224 nm 0.224 nm 0.352 nm
Acpw/ A —15 —15 15
z 0.209 nm 0.070 nm 0.141 nm

will consist of the fundamental hexagon due to the atom-
ic lattice, a convolution of a hexagon, the size being one-
half that of the fundamental one, and the Fourier trans-
form of the modulation function. If the uniform “super-
lattice” having the double interatomic spacing is drawn
in the observed image then it becomes clear that long-
range correlation between alternate rows is absent and
phase shifts of 7 are seen to occur often. Therefore this is
certainly not a superstructure with large coherence
length. So the modulation function (or functions when
each plane wave is contributing to the superlattice is
modulated by its own function) will have to introduce
phase shifts. Now attention is drawn to the feature
present in the 2H-NbSe, map, resembling the type-6
feature in the case of 17-TiS,. In the analysis of 17-TiS,
it became clear that the phases of the plane waves are
essential in establishing a matching calculated feature.
Since this feature occurs more than once in the current
map, the modulation functions probably originate from
several sources, possibly impurities or defects in or at the
2H-NbSe, crystal. On the other hand, phase shifts are
also present in nearly commensurate charge-density
waves>?272% and a domain structure establishes in order

FIG. 8. STM constant-height image of 2H-NbSe, at
Vsampte — Viip = 5.8 mV and It poine = 1.0 nA.

to minimize total free energy. This, however, is not a
very likely explanation for the observed phase shifts here,
for the correlation length of the type-6 feature is short
compared to the domain sizes encountered in incom-
mensurate charge-density waves (say 30 interatomic dis-
tances). Decomposition of the modulation is difficult for
the number of sources is seen to be rather high compared
to the more or less isolated features in 17-TiS,.

IV. DISCUSSION

CDW/PLD are known to exist in layered transition-
metal compounds. The origin of these superstructures
lies in the existence of (nearly) plane-parallel Fermi sur-
faces especially encountered in lower-dimensional materi-
als. These Fermi surfaces are defined by virtue of the
periodicity encountered in perfect crystals. Based on
theory and experiments there is reason to believe that
CDW/PLD can exist locally around impurities and/or
defects. In this paper we have subjected different LTMD
to scanning tunneling microscopy to reveal the electronic
charge distribution associated with the CDW part of the
superstructure, in addition to the atomic corrugation.

FIG. 9. Autocorrelation function corresponding to Fig. 8.
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TABLE II. Autocorrelation values along close-packed direc-
tions in Fig. 9 (1, 2, and 3 refer to the nearest-, next-nearest, and
third-nearest neighbors of the center 0).

Position
Angle 0 1 2 3
105° 1.00 0.386 0.448 0.404
345° 1.00 0.354 0.424 0.340
225° 1.00 0.368 0.452 0.340

We have obtained strong indication from both direct-
space observations and comparison to calculated images
based upon the Ginzburg-Landau theory, that indeed
these localized charge-density waves exist in conjunction
with associated lattice distortions. It has to be stressed
that the superposition of waves presented here is two-
dimensional in nature, whereas the actual crystal is three
dimensional. However, we do not expect this to have a
large effect on the results obtained because the extension
to the third dimension only introduces small phase shifts
and alters the wavelengths only to a small amount. Not
included in the calculation are the possible effects of re-
laxation in the presence of a free surface. We do not be-
lieve the giant-corrugation theory treated by Tersoff,? in
which imaging of a single wave vector is considered in
the case of graphite, applies in the present case because
the phenomena studied here are certainly not periodic.
The results obtained indicate that the localized CDW not
only can exist around impurities, but also around intrin-
sic defects. Care should be taken in the evaluation of
these results since the actual defect type does not appear
in these calculations, i.e., the defects are characterized
only by a scalar (positive or negative) and a location.

The observations presented here display three regimes
ranging from localized CDW/PLD centered around de-
fects or impurities in the case of 17-TiS,, via an inter-
mediate regime governed by overlapping envelope func-
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FIG. 10. Squared-amplitude two-dimensional Fourier trans-
form corresponding to Fig. 8.

tions in 2H-NbSe,, to a fully developed CDW/PLD sys-
tem in 17-TaSe, (as well in a large number of other com-
pounds). The fact that these observations have been
made in solids ranging from (dirty) semiconductor (17-
TiS,) to semimetal (17-TaSe,) to metallic (2H-NbSe,)
points at the general applicability of the phenomenologi-
cal Ginzburg-Landau theory, employed to describe the
various regimes in which CDW/PLD formation appears
to act.
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FIG. 3. STM constant-height image of 17-TaSe, at
Vsﬂmple = Vlip =3.1 mV and Iut point =2.4nA.



FIG. 4. STM constant-current image of 17-TiS, at
Vs:mple - Vlip =25mV and Iscl point — 1.3 nA.



FIG. 5. Calculated STM image of a type-1 feature.



FIG. 6. Calculated STM image of a type-6 feature.



FIG. 7. Calculated STM image of a type-15 feature.
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FIG. 9. Autocorrelation function corresponding to Fig. 8.



