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A model is proposed for the sliding charge density wave mechanism in the isostructural quasi-one-
dimensional compounds Nbgandm-TaS;. It is based on an assumption that below either of the two onset
temperature§’; and T, both modulation modes are present and form small statistically distributed domains
along particular trigonal prismatic columns, i.e., along type Ill belgwand in addition along type | beloW, .
Presuming the domains are of comparable sizes to the coherence lengths in the diffraction experiments, their
disordered distribution results in a selective contribution to the reciprocal space in both temperature regions,
which is in good accord with the diffraction experiments. The model might form the basis for a better
explanation of the twinkling domains and low temperature tunneling microscopic images, which were not fully
understood on basis of the old model with a selective occupation of the two column types by the two
modulation modes.
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INTRODUCTION and experimental works on CDW transport and
pinning>®11-1521-43 " pyclear  magnetic  resonance

NbSe and the monoclinic form of Tagm-TaS,) are two  experiment$;'~*transmission electroffEM),*"*8scanning
very peculiar isostructural compoundBig. 1) (NbSe: a  tunneling (STM) of both puré®=>*and doped NbSe(Ref.
=10.009A, b=3.4805A, c=15.629A, B=109.47°, 56) as well as atomic force microscogpAFM) of doped
P2,/m, Z=6)%2 (m-TaS; a=9.515A, b=3.3412A,c  NbSe.>’~®' However, some questions are still a matter of
=14.912 A, B=109.00°,P2,/m, Z2=6)34 They belong to  debate: Wilsoff explained the two IC components @f and
both families, the quasi one- as well as quasi-two-d; on the basis of bonding and electron transfer and Bruin-
dimensional structures. The first are characterized by thema and Trullingé? suggested a rather strong tendency of
trigonal prismatic(TP) columns along theib direction and the two CDW's to be locked to each other and less to the
the second by layers in thec plane, held together by weak lattice, but their apparent addition $d* in both compounds
van der WaalgvdW) forces. In the past considerable atten-remains unclear. Another peculiar fact is that from a large
tion was paid to both compounds due to their nonlineamumber of known CDW compounds only a few were re-
transport properties® which were attributed to sliding ported to show sliding, making it an exception rather than a
charge-density wave6CDW's). It was generally accepted rule; in addition to NbSg(Refs. 5, 64—6pand m-Tas;,®’
that in both cases two incommensurgl€) modulation these include Nb§®® (TaSa)l,®® (NbSe)ols, ° AgM0oO,
modes appear independently at different onset temperatur@gth A=K, Rb, TI (Ref. 71-74 and tetra-thio-fulvalene-
along two of the three available TP columifsThe only tatracyanoquinomethar@ TF-TCNQ).”® Further, STM stud-
difference between Nb§endm-Ta$; is that in the first the
IC component of thej, vector is slightly smaller and the one
of g, slightly larger thanib*, while in the second this is
reversed[NbSe: g,=(0,0.241,0),q,=(0.5,0.260,0.5),T,
=144K, T,=59K;}?" m-TaS; q,=(0,0.254,0) andq,
=(0.5,0.245,0.5) T, = 240K, T,=160K].>* It appears that
in both compounds the two components add b within
the experimental error. However, Flemiagal.”® concluded
from high-resolution synchrotron experiments that the differ-
ence from3b* in NbSe is 0.006, which is three times their
possible experimental error. FIG. 1. The structure of NbSelndicated are the average struc-

NbSe was the subject of intensive studies. These in-ture unit cell(small cel) with the three types of columns, the en-
cluded structural determinatidh;?® numerous theoretical larged LT2 modulation unit cell and the shortest Se-Se distances.
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ies of NbSg at 4.2 K could not be unambiguously brought Theseq, phases will in different domains of the same col-
into accord with the accepted modéIMost striking is the  umns along the direction be eithex0, , 0, %,..) or (3, 0,
fact that the modulation observed was present with a variablé | 0,..) with regard to a single modulation length, whereas
intensity along all three types of columns, which should notthe q; domains will all adopt one of the two possibilities
be the case if the type-lll and type-I columns were selecpnly. By a spatial(and/or temporal averaging within the
tively modulated by the), andg, modes only*>*Last not  range of coherent scattering only the domains will con-
least, twinkling stringlike domains, composed of mbke  {ipyte to the reciprocal space.

fringes, were observed in satellite dark field TEM images (3) Below the temperatur, an additional modulation of

above the lower onset temperature. They remained fhe formay +q, occurs along the type{forange”) columns
pu;zlé7'48although Fleminget al.? attributed these effects to with slightly less isosceleslike basdsT2 modulation). The
radiation damage. Se-Se bond lengths are slightly longer than in the type-Iil
columns, but the adjacent columns forming a pair are at com-
parable distances. However, pairs of type-lI columns are not
arranged in slabs as the type-lll columns are, but are sepa-

The basic assumption of the present approach is that mated by the type-Il columns. Type-(fred” ) columns have
normal Peierls transition with a singid* modulation mode much longer Se-Se bonds, they are isolated and are appar-
is not stable in the discussed cases. Instead, two modes wightly not modulated. The LT2 modulation must be described
(3—&)b* and (; +&)b* appear simultaneously forming dis- in the larger cell of Fig. 1, which is B-centered setting for
ordered domains, whose sizes are smaller than the cohererié® basic structure. The LT2 modulation destroysBheen-
regions in the diffraction experiment8in such experiments tering. Due to the shielding between type-I column pairs
no clue can be found whether the disorder is established in there is an important difference with regard to the ordering
dynamical equilibrium between the two modes or as a spatialong the type-Ill columns. Thg; modes along the two TP
disorder. Although this approach might be realized in variousolumns forming a type-l pair will again be out of phase.
ways, the presented model is verified as long-period combue to shielding it is energetically equivalent to shift the two
mensurate rather than IC for both CDW's. It is assumed thapairs with regard to thej; modes in the nearest type-lli
an even number aof; and an odd number af, modulation  columns by: and? or vice versathe phase shifts are again
periods correspond within the experimental error to a certaigjiven with regard to a single modulation perjod@ihe result-
even number of unit cells of the average structure, e.g., foing disorder is different from the ong, domains undergo
NbSe the IC components ofg;=(0,0.241,0) andqg, along the type-Ill columns. Altj; domains along a particular
=(0.5,0.260,0.5) are approximated by,=z5=0.241 and type-l column are again in phase, but the phase shifts
O2p= 25 =0.259. The spatial and/or temporal disorder be-between adjacent type-I column pairs are not fully correlated
tween the two modes is formally achieved by considering aany more. They are statistically distributed between the two
superposition of the forng; +q,, which on the other hand possible out-of-phase settings, giving no contribution to the
locks-in with the lattice of the basic structure. The suggestedeciprocal space.
model can be described in a few steps: (4) The g, mode along the type-l columns should as part

(1) In the temperature region betwedn and T, the of the LT2 modulation undergo an antiphase disorder for
modulation occurs only along type-l{in the literature de- both mentioned reasons; the first would be related togthe
noted as “yellow”) columns(LT1 modulatior). These are the disorder between the type-l column pairs and the second to
columns with the shortest Se-Se bonds and with a closthe disorder caused by the two possible phase shifts along
neighborhood between two columns of the same type formparticular columns, like as in case of the LT1 modulation.
ing a pair. They are arranged in slabs along dhdirection  However, at these lower temperatures the type-lll and type-I
and the modulation is described in the small cell of Fig. 1.columns already tend to achieve the best possible phase re-
The modulation is composed of two modeg anda,), both  lationships. If that was not so, the modulation unit cell in the
considered as long period commensurafe=14mod/5®, LT2 temperature range would not be enlarged. Once estab-
g,=15mod/5®). Both modes are in an equilibrium and can lished, the phases of ttgy domains along particular type-I
easily switch one into another, resulting in an average column pairs cannot be rearranged any more. This is because
+, modulation. Only full periods are interchanged alongall g; domains along an entire pair of columns, separated by
each TP column and thep, mode locks-in with the underly- the g, domains, would have to be interchanged simulta-
ing basic structure twice as often as tipemode does. neously. Contrary, the phases of tkhg domains can be

(2) Important is the ordering perpendicular to and alongchanged individually betweehand 2, because either of the
the columns. Regardless of whether the type-lll columns inwo possible shifts will equally well lock-in with either of
the LT1 temperature range are modulated by dheor g,  the two fixedq, phase shifts(; or J). Consequently, the
modes, the domains these modes form are fully out-of-phaseearest four columns modulated by, i.e., the two type-IlI
ordered along the direction. However, contrary to the; columns along the direction and the two type-lI columns
domains, which are all in-phase along the columns, the doalong the[101] direction, will become fully ordered with the
mains with the twice longeg, modulation periods can ap- corresponding phases(fype Ill), 3 (type I), 1 (type IIl), and
pear with two possible phase shifts, dependent on whethek (type |) or alternatively with: (type Il1), 3 (type I), O (type
the number ofgq, modes separating them, is even or odd.lll), 3 (type ). In both cases the same phases will be kept at

THE MODEL
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the type-l columns and theij, domains will contribute to 4 %)
the corresponding diffraction pattern. (4.0)

(%, %)
(44,0)

THE CALCULATION a)

In Fig. 1 a larger area of the average structure is shown.
Two cells are indicated, the small cell of the average struc-
ture and the LT1 modulation with the lattice constants
(a,b,gB8) and the larger cell of the LT2 modulation, with the ©.0)
lattice constantsg+c,b,c-a,8'). The shortest Se-Se bonds (0,0) ©, %)
are also given. ©.%)

The described model must work equally well for any am-
plitudes and IC modulation vectors, presuming the basic re- ‘ Kk
quirements described in the model are fulfilled. To prove it a b)
simplified model was considered first. The reciprocal space e M
of a superstructure with 14 Nb atorfise., with the Se atoms 14- o ®
omitted fitting six and five modulation periods fay, and . ] )
0., was calculated. An arbitrary transversal modulation of . 0.43
two sine functions foiq; andq, affecting thex coordinates 0 -
only was applied to the type-lll columns for the LT1 modu- T ..
lation and to both, type-Ill and type-I columns in case of the
LT2 modulation: 4= » b d .

[
®
[ ]
[ ]

x'=x+0.02sif27(6y—A)]+0.02sif27(5y—A)], I | | 1 N

y'=ny/14, n=1,...,14, (1) 6 -4 -2 0 2 4 6

7=z, FIG. 2. The model calculation as described in the text for the
LT1 temperature region. Ita) the modulated and nonmodulated Nb

with |q,|=6/14=0.43 and g,|=5/14=0.36, withA describ-  chains are depicted and the phases for both split positasestext
ing the phase shifts and withyy,zandx’,y’,z’ the average are indicated. Ir(b) the calculated diffraction pattern wit satel-
structure and the modulated structure Nb coordinates. Thiges only is shown.
results of the calculations are shown in Figs. 2 and 3. In the
case considered in Fig& a modulation composed of tiog Figures 3a) and 3b) exhibit the LT2 modulation, again
and g, modes, with all required characteristics of the de-for the simple model structure. By lowering the temperature
scribed realistic model, was applied to the type-lll columnstype-I columns are also modulated in addition to those of
only (LT1 modulation. The g, mode locks-in after every type Ill, again with all important features, described for the
seven unit cells, which is twice as often as themode does. realistic model. The same modulation function was applied
Therefore, two possible phase shifts=0 or A=3) occur  to the columns of type | with the phases as indicated in Fig.
betweerny, domains. Contrary, the, blocks are all in phase, 3(a). The B centering is destroyed by the modulation and
regardless of the number @ modulation periods separating satellites(but no main reflectionsappear also at odd val-
them. By a spatialand/or temporal averaging within the ues. The additional satellites are only of tge type (/q,|
range of coherent scattering the unit cell of the superstructure-0.36) and the calculated diffraction pattern is qualitatively
appears as a superposition of domains witk-0 and A in full agreement with the expectations, as shown in Fig.
=3 for the g, and with onlyA=0 for theq, mode. In the  3(b).
model calculation split positions with an occupancy of 0.5 As a second step in our analysis the realistic model was
account for the superposition of the modes with differentcalculated, with all Nb and Se atoms in the real cell present
phases. In Fig. @) the phase shifts are indicated by numbersand displaced according to the modulation functions with
in brackets for each split position, the first number being theq,|=%; and|q,|=%2. All characteristic features of the de-
phase forg,; and the second the one fgp. Between two  scribed model were again maintained. The amplitudes were
adjacent columns in a pair the modulation always differs bysimilar to those given by van Smaalenal° For simplicity
a phase shift ofr (i.e., A=3) leading to an ordered sequence reasons the calculations were carried out with an enlarged
along thea direction. For convenience the lar@ecentered 2ax58bX 2c unit cell. A longitudinal modulation of the Nb
cell was chosen in case of LT1 as well, although the calcuehains, accompanied by a longitudinal and transversal ad-
lation could have been performed in the small cell of thejustment of the corresponding Se TP columns was consid-
basic structure. The calculated diffraction pattern in Fi@) 2 ered. In addition small adjustments of the(5eand S€6)
shows that onlyy; satellites {g;|=0.43) appear in the plane chains of the type-1l columns were also considered, first to
(k,k,0) between the positions of the main reflections. Sincaelax the modulation along the type-Ill and second that along
the chosen unit cell waB-centered, only reflections with the type-l columns. Like in the simplified model the calcu-
evenh values in the planeh(k,0) were expected. lated features of the diffraction pattern for the more realistic
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and3 along the type-lll columns, which seems to be the most
plausible choice. Contrary to tleg ordering, theg, ordering
must involve phase shifts smaller than As a net result of
the possible phase relationships between various domains the
g; periods in type-lll columns must turn out to be fully or-
dered and the, ones disordered, whereas in the type-I col-
umns it should be vice versa. In addition to keeping kmth
andg, modes along all columns forming a pair out-of-phase
and in addition to keeping the type-1ll and type-I columns in
proper phase relationships, an additional relationship be-
tween the type-I column pairs must be established in the LT2
range, which enlarges the modulation unit cell. The experi-

(%, %)

L

ments show, that not only thg, contribution is present in
the LT2 region, but also that its orderimgquiresa doubling
of the modulation unit cell. The later is a clear proof that at
lower temperatures interactions at distances, which involve
the isolated type-1 column pairgjusttake place. Obviously,
the g, and g, out-of-phase ordering between the type-lil
columns forming sheets represent the most stable ordering.
The g, disorder in that casé.T1) is a disorder at relatively
large distances, because it is generated by the nufekien
or odd of the q; periods separating thg, parts along the
columns. The ordering that appears at lower temperatures
h (LT2) between the type-I column pairs is of a different type.
> It involves orderingperpendicularto the columns, at dis-
tances only slightly larger as compared to those involved in
, , ) LT1 ordering. Once the interaction between the type-lll and
S i o o o P columns s estabished, bt g and domains
; . : along the type-l column pairs tend to become ordered with
Nb-chains are depicted and the phases for the two modulated typertsegard to the nearest type-Iil pairs. The same ordering as in
of columns(see text are indicated. Ir{b) the calculated diffraction )

pattern withg, andq, satellites is shown. case ofq, applies for theg, ordering as well, but the later
already contain out-of-phase domains along the type-IIl col-

model agree qualitatively very well with the observed x-rayUmns- Thus, neithen, nor g, domains should contribute to
and electron diffraction patterns. Satellites appear only af€ reciprocal space. However, an interaction between type-|
positions where they are observed. Further, as expected, ti&irs themselves results in fufp ordering at distances com-
intensities of the satellites, calculated on the basis of th@arable to the enlarged modulation unit cell. _
model with the two modulation modes applied selectively to 1 Nere are experiments, which were not satisfactorily ex-
the type-IIl and type-I columns and those, calculated on th@lained on thg basis of the model with the two modulation
basis of the present model, gave identical values, if the sam@0des selectively occupying the type-Iil and type-I columns.
amplitudes were used in both cases. In our calculations thE/'St the observed mobile and twinkling domains as well as
amplitudes were not refined further with the aim to achieve "€ moirdike fringes in satellite dark fieldSDF) TEM im-

better agreement with the experimental data, since no suc@Pes of NbSg(Ref. 47 are consistent with the appearance of
accurate and reliable data were available. fluctuating antiphase domains which are assumed as being

characteristic for thej; + g, modulation in the LT1 tempera-
ture region. Thus, there is a new interpretation of the twin-
kling beside the one proposed by Flemigtgal,® who attrib-

The essence of this paper is to show that in principle theuted this twinkling to radiation damage. It should be noted
DP’s in both LT1 and LT2 temperature range can formally bethat Fung and Steelfsalready pointed out that the effects
explained on the basis of a superposition of the two modesbserved in SDF images might be attributed to an interfer-
g;,+0, and that theq, mode can indeed be present in the ence between CDW’s with slightly different modulation vec-
LT1 temperature range already, without giving any detectiors. However, the idea was not followed further, because the
able contribution to the diffraction pattern. Thus, the ob-fringes were indeed observed at temperatures afigval-
served phase transition may in this case mean that the sameady, where the; mode only was supposed to be present.
modulation affects the second type of columns just by rear- Second, the low-temperature STM image of NpSe
ranging the relative phases. which could not be unambiguously explained on basis of the

It appears that the phases between type-Ill and type-I colprevious model may indeed show disordergd and g,
umns are in fact not very important, since they hardly influ-modes with phase shifts as suggested. There is an additional
ence the calculated intensities. In the present model theinteresting point connected with the low temperature STM
were taken ag and? at the type-I columns as compared to 0 and AFM works>2~>4°¢-®1The images consistently show a

0.36
I 0.43

L] LI L]
6 4 20 2 46

DISCUSSION
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comparable modulation alongll three column types. This ture refined within models, which take into account a statis-
can easily be brought into accord with the present modelical distribution of the two modes.

presuming thesamemodulation modes are present along the
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