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Commensurately modulated structure of 4H b-TaSe2 determined by x-ray
crystal-structure refinement
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The (A13a3A13a3c) superstructure of 4Hb-TaSe2 at room temperature has been determined by x-ray
crystal-structure refinement using~312!-dimensional superspace. The resulting modulation has its largest
amplitudes for a longitudinal displacement of the Ta atoms in the octahedrally coordinated~T! layers, thus
leading to a superstructure of hexagram-shaped clusters containing thirteen Ta atoms each. The atoms in the
corresponding planes of Se atoms show a transversal modulation, which can be interpreted as the relaxation of
these layers to the modulation of the Ta layers. Forming a similar pattern, modulations were found of the atoms
in the layers with Ta in trigonal prismatic coordination (H layers!, with amplitudes of about 1/10 of the sizes
of the modulations in theT layers. These results confirm the presence of a charge-density wave in theT layers,
while the modulations of theH layer can be assigned to elastic coupling between the two types of layers. The
observation of nonzero displacements of the atoms of theH layers provides an interpretation for recent
observations by scanning tunneling microscope~STM!: the superstructure features observed by STM on theH
layers is a direct consequence of the atomic displacements in this layer.@S0163-1829~99!03306-8#
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I. INTRODUCTION

4Hb-TaSe2 belongs to the class of layered transitio
metal dichalcogenides that show phases with various c
mensurately and incommensurately modulated structu
The phase transitions are driven by charge-density-w
~CDW! instabilities in the quasi-two-dimensional electro
bands on the planes of transition-metal atoms.

Transition-metal dichalcogenides are known f
polytypism.1 The structures are built as a stacking of thre
atoms-thick layers TaX2(X5S, Se), with Ta either in octa
hedral coordination (T layer! or in trigonal-prismatic coordi-
nation (H layer!. 1T-TaX2 comprises a simple stacking ofT
layers, 2H-TaX2 is a stacking ofH layers, and 4Hb-TaX2 is
built as an alternate stacking ofH andT layers.

The space group of the high-temperature structure
4Hb-TaSe2 is P63 /mmc, with lattice parametersa5b
53.455 Å andc525.15 Å~Fig. 1!.2 This structure persists
at all temperatures as basic or average structure. Be
around 600 K a CDW develops, resulting in an incomme
surately modulated structure. This phase locks into a c
mensurate (A13a3A13a3c) superstructure at 410 K. Be
low around 75 K a second CDW develops, again with a
incommensurate modulation. An overview of the charac
istic parameters of the different phases is given in Tabl
Previous x-ray-scattering experiments have confirmed
the commensurate CDW at room temperature is locate
the T layers.3 However, the analysis by Moret and Tron3

was incomplete, as only an average value was determine
the modulation amplitudes of the atoms in theT layer. A
modulation of theH layers was not considered.

In this paper a complete determination is presented of
PRB 590163-1829/99/59~9!/6063~9!/$15.00
-
s.
e

-

f

w

-

r-
I.
at
in

for

e

(A13a3A13a3c) superstructure of 4Hb-TaSe2 at room
temperature. In agreement with Moret and Tronc we fou
large modulation amplitudes for the atoms of theT layers.
However, significant modulation amplitudes were also fou
for the atoms of theH layers, with values of about 1/10 o
those of the atoms in theT layers.

FIG. 1. @110# section of one unit cell of the basic structure
4Hb-TaSe2 .
6063 ©1999 The American Physical Society
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TABLE I. The CDW states of 4Hb-TaSe2 at different temperatures as reported by Wilsonet al. ~Ref. 7!.

T ~K! CDW state Layers involved Modulation wave vector

.600 Normal
410–600 Incommensurate Octahedral qT50.265a*
75–410 Commensurate Octahedral qT50.277a* ; a,b superlattices

,75 Incommensurate Trigonal prismatic qH5a* /3(11d), at 10 K,d50.04
Commensurate Octahedral qT50.277a* ; a,b superlattices
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The results are discussed in terms of elastic coupling
tween the different atoms. Employing the superspace
scription, the superstructure in 4Hb-TaSe2 is compared with
the incommensurate modulation in 1T-TaS2 at room tem-
perature.

The discovery of small modulation amplitudes in theH
layers strongly suggests an alternative interpretation for
scanning tunneling microscope~STM! experiments on
4Hb-TaS2 .4–6 The observation of a (A13a3A13a) CDW
modulation in the STM images of theH layer is more likely
a true structural effect than it is due to tunneling of electro
from theT layer through the unoccupied states of theH layer
as suggested by Hanet al.4 and more recently by Ekval
et al.6

II. EXPERIMENT

Single crystals of 4Hb-TaSe2 samples have been prepar
using the gas transport technique in evacuated quartz
poules. X-ray-diffraction experiments were performed on
Nonius CAD4F diffractometer with Mo-Ka radiation (l
50.710 73 Å). A rather small crystal was chosen of s
0.2230.2830.005 mm3 because of the high absorption c
efficient (m5699 cm21). Lattice parameters of the averag
structure were obtained from the setting angles of 25 refl
tions in the range 25°,Q,34°, resulting in a5b
53.4552(2) Å andc525.1495(13) Å. These values are
agreement with those determined by Ref. 2, taking in
count the standard deviations of the data. The space grou
the average structure isP63 /mmc. However, the modula-
tion leads to a loss of the mirror planes parallel toc.3 There-
fore the symmetry is reduced toP63 /m at room temperature

As is known from electron microscopy, the CDW trans
tion at 600 K results in a twinned crystal, with domains
the superstructure in two orientations.7 The diffraction pat-
tern corresponds to a reciprocal lattice in two orientatio
related by a missing symmetry element. The main reflecti
of the two domains overlap completely, but the satelli
~superstructure reflections! occur at different positions
~pseudomerohedral twinning!. Using one reciprocal lattice
for the main reflections, the satellites of the first domain c
be described by the modulation wave vectors

q1a5~3a0* 1b0* !/13, ~1!

q2a5~2a0* 14b0* !/13, ~2!

while the satellites of the second domain define modula
wave vectors

q1b5~4a0* 2b0* !/13, ~3!
e-
e-

e

s

m-
a

c-

-
of

f

,
s

s

n

n

q2b5~a0* 13b0* !/13. ~4!

Figure 2 displays a picture of reciprocal space of the twinn
crystal. Each main Bragg reflection is surrounded by th
satellites of first order and three satellites of second orde
each of the two domains. Due to the commensurate chara
higher-order satellites do not occur. Indexing of all refle
tions of one domain can be done by five integers. Indexing
the complete diffraction pattern of a twinned crystal requi
seven integers.

Intensity data were measured at room temperature for
main reflections as well as for the satellites of both doma
of a single crystal. All reflections were measured up to aQ
530°, corresponding to 19 623 data points. Measured in
sities were corrected for Lorentz and polarization effects, a
for absorption~transmission factors were between 0.07 a
0.69). The data exhibited Laue symmetry 6/m. Averaging
according to this point group resulted in a data set of a to
of 2424 unique reflections. Using a criterion for observ
reflections of I .3s(I ) the data reduced to 487 observe
main reflections and 1108 observed first- and second-o
satellites in the final data set.

The symmetry of the superstructure can be character
by a superspace group or by a supercell space group. As
confirmed by subsequent refinements, the structure is
trosymmetric. Then, the only superspace group compat
with the average structure, the observed twinning, and w
the diffraction symmetry isP63 /m(a,b,0). The valuesa
5 3

13 and b5 1
13 are determined by Eq.~2!. For a given

modulation function, the supercell structure and super
symmetry depend on the section chosen along the fourth
fifth superspace axes. The possibilities for the super
space group areP63 /m, P21 /m, andPm. Deviations from

FIG. 2. The sectionl 50 of reciprocal space, showing one un
cell of the reciprocal lattice of the basic structure 4Hb-TaSe2 , to-
gether with the positions of the satellite reflections originating
either of the two domains.
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the highest possible symmetry, while retaining Laue symm
try 6/m, are only possible when multiple twinning occur
Such deviations could not be detected, and the supe
space group was chosen asP63 /m.

III. STRUCTURE DETERMINATION

In a first step the basic structure was refined against
main reflections. Initial coordinates were those reported
Moret and Tronc.3 Smooth convergence was obtained
wards RF50.071(wRF250.109), resulting in the expecte
structure. Anomalously large temperature parameters i
cated that the true structure was modulated. These calc
tions and all subsequent refinements were performed
the program systemJANA96.8

Special methods for structure solution were not applied
determine the modulation parameters. The set of parame
corresponding to the best fit was obtained by refineme
using different sets of starting parameters. The superstruc
was described as a commensurately modulated structu
the basic structure with modulation functions for each of
four independent atoms defined by their Fourier series:

ua
m5(

n1
(
n2

An1 ,n2 ,a
m sin~2pn1x̄412pn2x̄5!

1Bn1 ,n2 ,a
m cos~2pn1x̄412pn2x̄5!, ~5!

where (n1 ,n2) defines the order of the harmonica5x,y,z
andm indicates the atom. The commensurateness determ
that only a finite number of combinations (n1 ,n2) are inde-
pendent, such that the number of parameters in the mod
tion approach is equal to the number of parameters in
supercell approach. All independent parameters were ta
into account.

The additional superspace coordinatesx̄4 and x̄5 are re-
lated to the basic structure coordinates by

x̄45q1•r1t1 , ~6!

x̄55q2•r1t2 . ~7!

It should be noted that for a commensurate structure
structure in physical space and its symmetry depend on
values of the starting phase (t1 ,t2) of the modulation. In
accordance with the symmetryP63 /m(a,b,0) we have fixed
these values at (t1 ,t2)5(0,0).

Restrictions on the components of the modulation fu
tions follow from site symmetries of the atoms on spec
positions. TheT layer contains one crystallographically in
dependent Ta atom with site symmetry3, and one indepen
dent Se atom with site symmetry 3. For theH layer, Ta2 has
site symmetry6 and Se2 has site symmetry 3. The numbe
modulation amplitudes is reduced from 36 independent
rameters towards 6 parameters for Ta1, from 36 parame
towards 8 parameters for Ta2, and from 36 parameters
wards 12 parameters in the case of both Se atoms. Th
strictions are summarized in Table II. Together with 1 p
rameter for each Se atom describing thez coordinate of the
basic structure position, a total number of 40 independ
positional parameters were varied in the refinements of
-
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modulated structure. This gives a complete description of
degrees of freedom corresponding to the (A13a3A13a3c)
superstructure.

Special attention was required for the problem of tw
ning. Intensities of the satellites of the individual domai
were available directly from the experiment. The ratio of t
volume fractions of the two domains (f v) then follows as the
ratio of the intensities of corresponding satellite reflectio
Averaged over all satellites, a value was obtained off v
51.58. The main reflections of the two domains overlap, a
only a sum of two intensity values was available. A ma
reflection (h,k,l ) of the first domain coincides with a mai
reflection (k,h, l̄ ) of the second domain. These reflectio
are not equivalent in 6/m symmetry. A classical approach t
the twinning problem is to determine the intensities of t
individual reflections fromf v and the measured values fo
overlapping reflections. However, this aproach becomes
creasingly inaccurate whenf v approaches 1, and it fails com
pletely whenf v51.

An alternative approach to the twinning problem is
refine the structural parameters, scale factor, and the vol
ratio of the domains against the experimental intensities
rectly. To achieve this, it is necessary to build the approp
ate sum of calculated intensities for each individual d
point. All measured data can then be included into a sin
refinement. In the present case, this would require an ind
ing of the diffraction pattern with seven integers.9 As it is
presently not possible to use more than six indices in
programJANA, we could not use this method directly. In
stead, we used the approximation that the reflections (h,k,l )
and (k,h, l̄ ) will not be much different~note that they are
equivalent by symmetry in the basic structure!, expressed by
the assumption that the effect of the modulation will be eq

TABLE II. Symmetry restrictions on the parameters of th
modulation functions in the superspace description of the (A13a
3A13a3c) superstructure of 4Hb-TaSe2 .

Point group3, Ta1 atom at~0,0,0!

A2n12n2 ,n1

x 52An1 ,n2

x 1A2n2 ,n11n2

x

An1 ,n2

y 5An11n2 ,2n1

x

An1 ,n2

z 52An11n2 ,2n1

z

Bn1 ,n2

x 5Bn1 ,n2

y 5Bn1 ,n2

z 50

Point group6, Ta2 atom at~0,0,1/4!

A2n12n2 ,n1

x 52An1 ,n2

x 1A2n2 ,n11n2

x

An1 ,n2

y 5An11n2 ,2n1

x

B2n12n2 ,n1

x 52Bn1 ,n2

x 2B2n2 ,n11n2

x

Bn1 ,n2

y 52Bn11n2 ,2n1

x

An1 ,n2

z 5Bn1 ,n2

z 50

Point group 3, Se atoms at~1/3,2/3,z!

A2n12n2 ,n1

x 52An1 ,n2

x 1A2n2 ,n11n2

x

An1 ,n2

y 5An11n2 ,2n1

x

An1 ,n2

z 52An11n2 ,2n1

z

B2n12n2 ,n1

x 52Bn1 ,n2

x 2B2n2 ,n11n2

x

Bn1 ,n2

y 52Bn11n2 ,2n1

x

Bn1 ,n2

z 5Bn11n2 ,2n1

z
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for the two reflections in each pair. Then we can restrict
experimental data to main reflections and the satellites of
domain, thus requiring only five indices. The effect of twi
ning is then entirely contained in individual scale factors
the main reflections and the satellites. This description w
the scale factorsf main and f sat was used here in the refine
ments~the scale factor is defined to multiply the calculat
intensity values!.

Two pronounced minima of theR factor were found, cor-
responding to modulations of either theT layers or theH
layers. The fit of the structure with the stronger modulat
in the T layers was slightly better (R50.0713) than the fit
with the stronger modulation in theH layers (R50.0787).
Additional support for the true structure as the one with
stronger modulation in theT layers was provided by the
partial R factors of the main reflections. For modulation
the H layersR(main)50.0688 was significantly higher tha
for modulation in theT layers@R(main)50.0584#. Next to
providing the best fit, strongest support for the correct str
ture comes from the fact that the structure with the larg
modulation in theT layers was the only one corresponding
a stable refinement of all independent parameters. Cont
the refinement with the largest modulation in theH layers
was only stable when the modulation amplitudes of theT
layers were fixed at small values. The resultingR factors for
our best fit are listed in Table III. The parameters of the fi
structure model are summarized in Tables IV–VIII.

The ratio of the scale factor of the main reflections a
the scale factor of the satellites was found asf main / f sat
52.77(3). For thegiven ratio of volume fractions of the
domains f v , a theoretical value follows as (f main / f sat)

th

5(11 f v)/ f v51.63. Assuming that the main reflection
have intensities as expected, it can be derived that the a
ally observed intensities of the satellite reflections
smaller by a factor of 0.588 than would follow from th
structure model. The only explanation we can give for t
discrepancy is that the superstructure is only partially

TABLE III. Partial R factors and number of reflections used
the refinement of 4Hb-TaSe2 .

Reflection group No. observed RF wRF
2

Main 487 5.84 13.75
Satellites 1108 9.69 10.53

All 1595 7.13 12.32

TABLE IV. Parameters of the basic structure of 4Hb-TaSe2
after refinement with two harmonics for all atoms. Given are
fractional coordinates of the atoms and their temperature param
Ui j in Å2. Symmetry determines thatU135U2350, and thatU22

5U1152U12. Standard deviations are given in parentheses.

Wyckoff
Atom position x y z U11 U33

Ta1 2a 0 0 0 0.0031~2! 0.0026~3!

Ta2 2b 0 0 1/4 0.0048~2! 0.0074~3!

Se1 4f 1/3 2/3 0.06569~4! 0.0059~2! 0.0026~5!

Se2 4f 1/3 2/3 0.68400~3! 0.0041~2! 0.0091~3!
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dered, while the average structure remains fully ordered.
example, it could be that the center of the hexagram-sha
clusters in consecutive layers is at different positions (x,y),
contrary to the structure model that assumes perfect co
ence between different layers. Moret and Tronc observe
discrepancy in the ratio of scale factors of similar siz3

However they incorrectly assumed that the ratio of scale f
tors would depend on the amount of coherence between
two types of domains. That is true for the maximum value
the Bragg reflections. But for integrated intensities of Bra
reflections, the values are independent of the amount of
herence between the two types of domains. Therefore
disorder proposed here pertains to disorder within a sin
domain, and it is not related to a possible disorder in
stacking of the two types of domains. No evidence can
extracted from the present results or from Ref. 3 pertain
to a possible coherence between the two types of doma

IV. DISCUSSION

A. Modulations of the T layers

The largest modulation amplitudes were found for Ta1
theT layers with amplitudes of secondary importance for t
Se atoms in theT layers. The modulation of Ta1 was foun
to be mainly parallel to the plane of the layers~Table V!, and
its phasing is such that clusters occur containing 13 Ta at
each. The center of the clusters form the (A133A13) super-
cell, rotated by 13°548 relative to the unit cell of the un-
modulated structure~Fig. 3!. All these features can be con
sidered evidence that the modulation is driven by a CD
located on the Ta atoms of theT layers.

Because the modulation is commensurate, the supers
ture can be studied by the analysis of positions of the ato

e
ers

TABLE V. Modulation amplitudes for atom Ta1 for the fina
refinement. The amplitudes according to Eq.~5! are given in Å
along the coordinate axes. Parameters without standard devi
are dependent on other parameters. The parametersBn1 ,n2

are equal
to zero by symmetry.

n1,n2 An1 ,n2

x An1 ,n2

y An1 ,n2

z

1,0 20.1813~7! 20.0892 0.0537~21!

0,1 20.0921~5! 20.1813 20.0537
21,1 0.0892 20.0921 0.0537

1,1 0.0966~6! 20.0174 20.0158~49!

21,2 0.1141~6! 0.0966 0.0158
22,1 0.0174 0.1141 20.0158

TABLE VI. Modulation amplitudes for atom Ta2.An1 ,n2

z

5Bn1 ,n2

z 50 by symmetry.

n1,n2 An1 ,n2

x An1 ,n2

y Bn1 ,n2

x Bn1 ,n2

y

1,0 0.0113~5! 0.0098 0.0061~34! 20.0017
0,1 0.0015~6! 0.0113 20.0078~52! 20.0061

21,1 20.0098 0.0015 0.0017 0.0078
1,1 20.0014~7! 20.0002 20.0044~66! 0.0212

21,2 20.0011~5! 20.0014 0.0256~61! 0.0044
22,1 0.0002 20.0011 20.0212 20.0256
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TABLE VII. Modulation amplitudes for atom Se1.

n1,n2 An1 ,n2

x An1 ,n2

y An1 ,n2

z Bn1 ,n2

x Bn1 ,n2

y Bn1 ,n2

z

1,0 20.0424~11! 20.0141 20.0124~13! 20.0188~11! 20.0046 0.0715~12!

0,1 20.0282~13! 20.0424 0.0124 0.0142~13! 0.0188 0.0715
21,1 0.0141 20.0282 20.0124 0.0046 20.0142 0.0715

1,1 0.0127~14! 20.0050 0.0309~15! 0.0185~10! 0.0067 20.0103~15!

21,2 0.0176~12! 0.0127 20.0309 20.0118~13! 20.0185 20.0103
22,1 0.0050 0.0176 0.0309 20.0067 0.0118 20.0103
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of the bond lengths, and of the variations of the coordi
tions of the atoms within one unit cell of the superlatti
~Fig. 3 and Table IX!. However a concise representation
these variations is provided by the so-calledt plots.10 Due to
the periodicity along the fourth and fifth superspace coo
nate, all information about the structure is contained in
interval of width 1 in botht1 and t2 @Eq. ~7!#. For incom-
mensurately modulations any pair (t1 ,t2) corresponds to a
value of (x̄4 ,x̄5) somewhere in the structure. In contrast, f
commensurate modulations only certain values of (t1 ,t2) are
allowed. In the present case the superstructure is descr
by a 13-fold supercell, and accordingly only 13 poin
(t1 ,t2) within one unit cell actually are realized in physic
space. Presently, physical space was chosen as the se
(t1 ,t2)5(0,0), and the 13 points describing displaceme
of atoms realized in the structure are given in Fig. 4.

The t plots allow the direct comparison of commensura
and incommensurate modulations of varying superper
Previously, we have characterized the specific nature of
incommensurate modulation in the nearly commensu
state of 1T-TaS2 by t plots of the distances between neig
boring Ta atoms within one layer.11 Here the corresponding
plots are given for the commensurate modulation of theT
layers in 4Hb-TaSe2 ~Figs. 4–7!.

Figure 4 displays the distance between the neighboring
atoms at~0,0,0! and~1,0,0! as a function of (t1 ,t2). The true
distance between Ta~0,0,0! and Ta~1,0,0! appears att15t2
50. It can be easily seen that this distance is the glo
minimum over allt values. Othert values correspond to th
distances between neighbors Ta(n1 ,n2 ,n3) and Ta(n1
11,n2 ,n3). For example (t1 ,t2)5(3/13,21/13) corresponds
to the distance between Ta~1,0,0! and Ta~2,0,0!, which ap-
pears close to the global maximum. The same analysis
be applied to thet dependence of the distances between
atoms Ta~0,0,0! and Ta~1,1,0! and the distances between th
atoms Ta~1,0,0! and the Ta~1,1,0! ~Figs. 5 and 6!. In all three
cases the next-neighbor distance is close to the global m
mum for t15t250. By varying t1 ,t2 all distances to neigh
-

i-
n

ed

tion
s

d.
e

te

a

al

an
e

i-

boring Ta atoms can be estimated. As a result all th
neighboring Ta atoms form a star-shaped cluster of 13
oms. To investigate the absolute modulation of the Ta ato
the magnitude of the displacement inx,y direction is plotted
in Fig. 7. The3 site symmetry of the Ta atom of the octah
dral layer implies a sixfold symmetry in thex4 ,x5 super-
space as can be easily seen in the plot. Att15t250 the
displacement relative to the unmodulated structure is zer
to be expected for Ta clusters centered around the Ta~0,0,0!
atom. The magnitude of thex,y modulation for the neigh-
boring atoms of Ta~0,0,0! is equal in size and close to th
maximum of displacements, which is also in agreement w
the proposed hexagram-shaped cluster.

Comparison of the sets of plots with the correspond
ones of incommensurately modulated 1T-TaS2 show striking
similarities between the modulations of these layers in
two different compounds, indicating that the nature of t
CDW is similar in these compounds.

The superstructure of theT layer is also similar to the
superstructure of 1T-TaSe2 . The Ta-Ta distances within a
cluster are found as 3.227 Å and 3.357 Å in 4Hb-TaSe2 .
These values are equal to those within the Ta clusters
1T-TaSe2 @3.22 Å and 3.34 Å~Ref. 12!#.

The correlations between the displacements of the
atoms and neighboring Se atoms can be obtained by com
ing the t plots of the Ta-Ta distances with thet plot of thez
displacement of Se1~Fig. 8!. Note that the major modulation
amplitudes of Se1 are alongc, perpendicular to the layer
~Table VII!. In complete accordance with the results
1T-TaS2 , it follows that Se is displaced towards the cen
of the layer when the nearest Ta atoms have moved ap
and that Se is displaced away of the center of the layer w
between Ta atoms a shorter than average bond exists.

B. Three-dimensional order of the CDW

In their analysis of x-ray diffraction experiments, Mor
and Tronc3 assumed that the modulation amplitudes of t
TABLE VIII. Modulation amplitudes for atom Se2.

n1,n2 An1 ,n2

x An1 ,n2

y An1 ,n2

z Bn1 ,n2

x Bn1 ,n2

y Bn1 ,n2

z

1,0 0.0060~11! 0.0031 0.0039~13! 0.0003~11! 20.0008 0.0059~13!

0,1 0.0029~13! 0.0060 20.0039 20.0011~12! 20.0003 0.0059
21,1 20.0031 0.0029 0.0039 0.0008 0.0011 0.0059

1,1 0.0005~15! 0.0010 20.0020~16! 20.0008~11! 20.0004 0.0021~16!

21,2 20.0005~12! 0.0005 0.0020 0.0004~13! 0.0008 0.0021
22,1 20.0010 20.0005 20.0020 0.0004 20.0004 0.0021
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atoms in theH layers are zero. Although in the present stu
the values of the modulation amplitudes of these atoms h
been found to be much smaller than the modulations in thT
layers, the participation of theH layer in the modulation is
essential to understand the three-dimensional~3D! order of
the CDW.

In 1T-TaS2 there are onlyT layers present, and neighbo
ing layers are equivalent by translation symmetry. The c
tact between layers is through their S atoms, and it was
served by analyzingt plots that az displacement of S away
from the center of the layer corresponded to az displacement
towards the center of its layer of the neighboring S atom
the next layer. This phase relation between modulations
different layers was the result of the commensurate com
nentqz5

1
3 of the modulation wave vectors.

In 4Hb-TaSe2 theqz components of the modulation wav
vectors are zero, and the phase relation between consec
T layers is different than in 1T-TaS2 . However, the basic

FIG. 3. Section of the superstructure atz50, through the plane
of Ta1 atoms. Clusters of 13 atoms are indicated. The superlatti
formed by the centers of the clusters as indicated by dashed li

TABLE IX. Coordinates of all atoms in an asymmetric part
the commensurate (A133A13) supercell, as were derived from th
basic structure positions and the modulation functions.

Atom x y z

Ta1-1 0.0 0.0 0.0
Ta1-2 0.0695 0.2867 0.00003
Ta1-3 0.1519 0.6347 0.00401
Ta2-1 0.0 0.0 1/4
Ta2-2 0.0746 0.3068 1/4
Ta2-3 0.1570 0.6154 1/4
Ta2-4 0.3116 0.2321 1/4
Ta2-5 0.5366 0.1516 1/4
Se1-1 2/3 1/3 0.06147
Se1-2 0.1241 0.1750 0.07060
Se1-3 0.3540 0.1027 0.06905
Se1-4 0.5929 0.0281 0.06198
Se1-5 0.1979 0.4842 0.06254

Se28-1 1/3 2/3 0.18350
Se28-2 0.1803 0.0513 0.18460
Se28-3 0.0257 0.4363 0.18380
Se28-4 0.2569 0.3597 0.18366
Se28-5 0.4875 0.2820 0.18408
ve

-
b-

n
of
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tive

structures of 1T-TaS2 and 4Hb-TaSe2 are different too, and
T layers are separated byH layers in the latter compound. B
comparingt plots the correlations become apparent betwe
the z displacements of Se1 and Se2~Figs. 8 and 9!. Se2
moves in accordance with Se1, such that eachH layer is
squeezed between the neighboringT layers. This phase rela
tion requires a componentqz50, exactly as is found in the

is
s.

FIG. 4. Distance between Ta~0,0,0! and Ta~1,0,0! as a function
of (t1 ,t2). A total of four unit cells are shown. The contour line
are at intervals of 0.1 Å. The plus and minus signs indicate
maxima and minima in the plot. Included as dots are the allow
(t1 ,t2) values for a commensurate (A133A13) supercell.

FIG. 5. Distance between Ta~0,0,0! and Ta~1,1,0! as a function
of (t1 ,t2). The contour lines are at intervals of 0.1 Å.
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x-ray scattering. The difference in 3D order of the CDW
1T-TaS2 and 4Hb-TaSe2 thus is governed by the presence
the H layers in the latter compound.

No indications for disorder were found in the analysis
the structure of 1T-TaS2 . For 4Hb-TaSe2 it was presently
found that there is disorder in the location of the CDW b
tween different layers. Again these differences can be un
stood from the intermediateH layers. In 1T-TaS2 the cou-
pling between neighboringT layers is relatively strong and

FIG. 6. Distance between Ta~1,0,0! and Ta~1,1,0! as a function
of (t1 ,t2). The contour lines are at intervals of 0.1 Å.

FIG. 7. Absolute values of thex,y displacement of the Ta atom
at ~0,0,0! as a function of (t1 ,t2). The contour lines are at interval
of 0.05 Å.
f

-
r-

good 3D order results. The intermediateH layers determine
that the coupling between consecutiveT layers in 4Hb-TaSe2
is relatively weak, apparantly resulting in partial disord
This interpretation is further supported by the smallness
the modulation in theH layers.

C. Consequences for the interpretation of STM

All polytypes MX2 comprised of layersMX2 bonded to
each other by weak van der Waals bonds. They cleave ac

FIG. 8. Values of thez displacement of the Se1 atom a
(1/3,2/3,0.066) as a function of (t1 ,t2). The contour lines are a
intervals of 0.035 Å.

FIG. 9. Values of thez displacement of the Se28 atom at
(2/3,1/3,0.18) as a function of (t1 ,t2). The contour lines are a
intervals of 0.0035 Å.
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the van der Waals gap, thus exposing layers of S or Se
oms. Consequently STM images the sheets of chalcoge
oms, and it does not see the Ta atoms directly.

In a first approximation the pictures obtained by ST
display the local density of states of theX atom sheet tha
correspond to thez displacements of these atoms caused
the CDW. This idea was confirmed by electronic ban
structure calculations on the commensurate superstructu
1T-TaX2 ,13 and the comparison of these calculations w
STM experiments. For incommensurate 1T-TaS2 , a simu-
lated STM image was generated based on thez displace-
ments of theSatoms determined by x-ray structural analys
and it was shown that this simulated image was in comp
accordance with STM on this phase.11,14

The two different layers in 4Hb-TaX2 lead to two differ-
ent surfaces ofX atoms. STM images of theT layers of
4Hb-TaS2 clearly showed the (A13a3A13a) superstructure
at all bias voltages of the substrate.4,5 STM on 4Hb-TaSe2
was performed with a small negative bias voltage only, a
the image of theT layer did show a strong effect due to th
(A13a3A13a) superstructure.15 Again, the pattern of posi-
tive and negativez displacements of the tip in STM display
the local density of states of the chalcogen sheet that co
sponds to the pattern of positive and negativez displace-
ments of the Se atoms as determined in x-ray diffraction

The STM images of theH layers of 4Hb-TaX2 are more
complicated. For 4Hb-TaS2 and with a negative bias a su
perstructure was not visible in STM, while at positive bias
a superstructure was found, with the amplitude increasing
increasing bias.4,6 This effect was explained by tunneling o
electrons through unoccupied states of theH layer towards
the unoccupied states of theT layer carrying the CDW.4,6

The possibility of tunneling in the reverse direction was e
cluded by assuming screening due to the occupied state
theH layers. For STM on theH layers of 4Hb-TaSe2 a weak
effect was observed due to the (A13a3A13a) superstructure
at a small negative bias and at a low temperature of 4.215

Taking into account that thermal broadening of the density
states at the Fermi level is very small at these low temp
tures, tunneling obviously cannot explain this image.

The present x-ray structure determination shows mo
lated atoms in theH layers of 4Hb-TaSe2 as well. As was
explained in Sec. IV B, the participation of theH layers in
the modulation is required for 3D order of the CDW. Ther
fore it is to be expected that theH layer in 4Hb-TaS2 will
have a similar modulation. This suggests that the atomic
placements in theH layers provide the explanation for th
observations by STM. For a better understanding of th
observations the tunneling process needs to be consider
more detail. At negative bias (Vbias,0) electrons tunne
from the metallic substrate towards the tip. Independen
Vbias only the electrons at and just below the Fermi lev
participate in the tunneling process.16 On further decreasing
Vbias one thus performs spectroscopy of the density of
empty states of the tip convoluted with the density of sta
at or near the Fermi level of the substrate. At positive b
the process is reversed, and on increasingVbias one performs
spectroscopy of the density of the empty states of the s
strate convoluted with the density of states at or near
Fermi level of the tip.
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We have determined a modulation in theH layers with the
same period as the modulation in theT layers. This modula-
tion of the atomic positions causes a modulation of the d
sity of states of the electron bands, again with the same
riod as the period of theT layers. However, there is no CDW
in the H layers, so that the electron states involved in t
modulation are not necessarily at the Fermi level. In o
opinion they will have energies somewhere in the middle
the unoccupied states of the conduction band. Combin
this picture of the electronic states of theH layers with the
mechanism of STM then shows that at any value of nega
bias the local density of states near the Fermi level of
substrate is measured. Since the corresponding elect
havek values different from the period of the CDW, a mod
lation is not observed. On the other hand, for increasing p
tive Vbias the local density of the empty states is scanned.
small values ofVbias the modulation will not be seen, while
at some larger value ofVbias the states with the appropriatek
values will be involved in the tunneling process and t
modulation becomes visible in the STM. The observation
STM of a weak modulation effect at a small negative bias
the H layers of 4Hb-TaSe2 can then be explained by sligh
differences in the dispersion relationsE(k) of the conduction
band of theH layer for theX5S andX5Se compounds,
respectively.

In order to discriminate with the present direct modulati
model and the tunneling model, it would be interesting
measure the bias dependence of the STM images of thH
layers in 4Hb-TaSe2 . As already mentioned, tunneling can
not explain the observed STM pictures at small negative
ases and low temperatures. Increase of the superstructur
fect on increasing positive bias then would be a stro
indication for our proposed model of the modulation of t
local density of the unoccupied states in theH layer due to
the CDW in theT layer.

V. CONCLUSIONS

The (A13a3A13a3c) superstructure of 4Hb-TaSe2 has
been determined from x-ray-diffraction data, using a
12)D superspace description. The principal part of t
modulation was found to involve displacements of the ato
of the T layers, with Ta forming a lattice of clusters of 1
atoms. This result confirms a CDW on theT layers as the
origin of the modulation in complete accordance with pre
ous investigations.3

The superspace description allowed a direct compari
of commensurate superstructures and incommensu
modulations of different periods. It was thus shown that
modulation of theT layers in 4Hb-TaSe2 is similar to the
incommensurate modulation in the nearly commensu
state of 1T-TaS2 at room temperature.11

A peculiar result of the refinements was that satellite
flections were observed with intensities smaller than t
were calculated on the basis of a fully ordered struct
model. This discrepancy could be described by a single
ditional scale factor for all satellites. It was shown that su
an effect cannot be due to partial coherence between the
different types of domains, or to a disorder of the stacking
these domains. Instead, it can be explained by disorder o
modulation within single domains, as can be understo
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from the weak coupling between consecutiveT layers due to
the presence of intermediateH layers.

Small but significant modulation amplitudes were a
found for the atoms of theH layers, at variance with previou
investigations. The relation between the modulations on
H andT layers suggests that the modulation of theH layer is
induced by the modulation of theT layer, and that a CDW
e

does not exist on theH layers. A modulation without CDW
is the explanation for the observation of the superstructure
STM on theH layers. It was shown that such a simple mod
can also explain the peculiar bias dependence of STM. T
neling of electrons through theH layers towards theT layers
is not necessary to explain the observed STM images of
H layers.
.
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