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Direct observation of soliton dynamics in charge-density waves on a quasi-one-dimensional
metallic surface
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A periodic array of metallic In atomic chains on aHil) surface, 4< 1-In superstructure, has been inves-
tigated by scanning tunneling microscopy at 6 K. We have found a lack of one-to-one correspondence between
the filled- and empty-state images, meaning that the charge distribution is pinned on the frozen lattice in two
ways. This supports the charge-density-we@BW) model rather than an order-disorder model, or a structural
transition model, for the X1 (room temperatupeto 8x’'2’ (low temperaturgphase transition occurring on
this surface. Furthermore, dynamics of a soliton in the CDW has been observed, which is characteristic of this
kind of quasi-one-dimensional system.
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Low-dimensional electronic systems have attracted dion through the transition temperatdf€'’ indicating an
great interest because of their exotic property such as Peierédectronic transition rather than an order-disorder type.
transition and Tomonaga-Luttinger-liquid behavibfs. Thus, although the nature of the periodicity doubling
Among them, a considerable number of studies have beealong the In chains at LT is still under controversy, the 8
performed, especially for charge-density wa/@®Ws), fo- X'2' LT phase has been attractive as a prototypical quasi-1D
cusing on its dynamical behavior. The synthesis technologgurface system.
of bulky low-dimensional materials has enabled a great ad- In the present study, we have investigated this surface
vance in this field. Compared with such bulk materials, solid carefully by STM at 6 K, a much lower temperature than in
surfaces have a large advantage in directly observing sudh€ previous studies!® First, we obtain another convincing
dynamics by atomic-resolution local probe methods, such agvidence supporting the CDW picture for the phase transi-
scanning tunneling microscopy/spectrosc¢pyM/S). How-  tion; the charge-density distribution with respect to the lattice

ever, until recently, few candidates for CDWs in surface sys\/as different from chain to chain. The charge distribution is
tems have been reported, in spite of their intrinsic |0Wp|nned on the frozen lattice in two different ways at 6 K, so

dimensionality*~” the CDW transition may be, in many that the empty-state images, which mainly show the atomic

cases, prohibited by a significant influence from the Sub:s,tructure, and the filled-state images, which mainly show the

trate. O h didate. however is the chain-lik charge distribution, do not have a one-to-one correspondence
strate. Line such candidate, however, IS the cha € SUP®hetween them. Second, we observe a soliton in the CDW
structure, such as that formed by one monolajdt ) of

- _ moving around with high mobility even at a significantly low
indium adsorbed on a @il1) surface. The $111) 4X1-In o mperature of 6 K, which has been predicted by a theory for

surface phase is known from photoemission spectroscopy 19 similar quasi-1D system, such as polyacetyR¥f&This is
show a quasi-one-dimension@uasi-10 metallic feature at 5 djrect observation of such a soliton dynamics in real space
room temperaturéRT),8° and to undergo a phase transition \yith atomic resolution.

into an 8<'2" phase at low temperaturélLT) below The experiment was carried out using a commercial
~120 K" The previous angle-resolved photoemissionultrahigh-vacuum LT STM systenfUNISOKU USM501-
spectroscopyARPES and STM studies showed good Fermi type). To make a single-domaif8D) 4 X 1-In surface super-
surface nesting at RT, an energy-gap opening, and the pestructure, we used a vicinal 3il1) wafer (P-doped,n-type
odicity doubling along the metallic In chains accompanied11—100() cm at RT) whose normal was 1.8° off frorl11)

by a periOdiC lattice distortion at L7|’-:.L1These facts have lead toward [115] direction. The Samp|e was cleaned in a stan-
to a Peierls-type scenario and a CDW picture for the transigard way; flash heating by direct current up to 1500 K for a
tion. However, an x-ray diffractiofXRD) study®> and a  few seconds after mild degassing at 750 K for more than
first-principles calculatiotf were against the scenario, be- 12 h. We checked the cleanx77 structure by reflection
cause large atomic displacements from the RT strutture high-energy electron diffractiot(RHEED) and STM. Indium
were found at LT, much larger than those expected by avas evaporated from a well out-gassed alumina-coated tung-
weak-coupling CDW picture, thus favoring a picture of ansten basket. The SD @il1) 4 X 1-In structure was prepared
order-disorder type or a structural phase transition. On théy 1 ML deposition of In onto the sample, which was kept at
other hand, recent studies of Raman spectroséamyd dy- 800 K. The superstructure was checkedibysitu RHEED
namical low-energy electron diffractidfi,again, supported observation. The sample was transferred into a cold stage at
the CDW picture by claiming that the atomic displacementsvhich STM measurements were carried out at 6 K. The tem-
were much smaller than those estimated by the ¥Rihd  perature was measured by a thermocouple attached on the
the calculatiort® Furthermore, electrical conductivity mea- sample stage. All the STM images shown here were taken in
surements with a variable-temperature microscopic foureonstant-current mode. During our experiment, the pressure
point probe method showed a clear metal-to-insulator transiwas kept at less than>107%° Torr.
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Detailed correspondence between the filled and empty
states is obtained by superimposing the two images with
each other. White circles and colored ellipses in Fig) 1
trace protrusions in the empty-state image and the cocoons in
the filled-state images at the identical area, respectively. In
the filled-state image, each cocoon is tilted from the chain
direction, rightside-up or leftside-up. The tilting direction is
the same for all cocoons in each chain, while opposite be-
tween the adjacent chains. This ordering in the cocoon tilting
across the chains produces3 periodicity in the &'2’-In
phase.

In the empty-state image, two subchains are slightly
shifted with each other along the chain direction in each

1 8@ chain, so that pairs of white circles are tilted as indicated by

[essssisssssffisssns

tilted bars in(c). However, the tilting of the circle pairs is
always opposite to the corresponding cocoon’s tilting. If the
cocoons are rightside-up, the circle pairs are leftside-up in
the same chain.

An important feature is found here by comparing Chain
Nos. 1, 2, 4, 6, and Jred cocoons irfc)] and Nos. 3, and 5
[yellow cocoons in(c)]. In the red-cocoon chains, each bar
connecting the pair of white circles is located on each co-
coon, while in the yellow-cocoon chains, the bars are located
between the neighboring cocoons. In other words, the rela-
tion between the filled- and empty-state images is different
between the red and yellow chains. As indicated by two 8
X 2 unit cells drawn by green parallelograms, the pairs of
circles in the yellow chaingNos. 3 and b are shifted bya,
along the chain direction with respect to the red chéss.

1, 2, 4, 6, and ¥, wherea, is the length of the X 1 surface

. . unit cell. But, for the cocoons in the filled-state image, such
_ g Inner Lines of In Atoms a shift between the red and yellow chains is not found. Thus

Outer Lines of In Atoms we have found two types of correspondence between the

FIG. 1. (Colon (a) Filled- and(b) empty-state STM images of ellipses and circles. In other word$e correspondence be-
the same aréa30x 150 A). The tip biases are 2.0 and -1.5 v, tween the filled- and the empty-state images is not one to
respectively. The horizontal black line is the marker used to identifyone
the same place. TheX42 and 8x 2 unit cells are drawn iiia) and To understand this phenomena more in detail, a structure
(b) by white parallelograms(c) An enlarged image of the rectan- model?13is superimposed on the STM images in Figd)1
gular area in(a). The white circles indicate the protrusions in the where the upper half is the empty-state image, and the lower
empty-state imagéb). Red and yellow ellipses outline the cocoons one, the filled state. Although the structure model of the 8
in (a). The 8x 2 unit cells are drawn by green parallelograify.  X'2’ LT phase is under controver$y31522there is a con-
The same area ds), superimposed by a structure model proposedsensus that the double periodicity along the chains in the LT
in Ref. 12. The upper half is the empty-state and the lower half isstructure is formed by changing the atomic bond lengths
the filled-state images. along the chain; while the In-In spacings along the chain are

Figure 1 shows filled- and empty-state STM images of theregular in the & 1 phase at RT, they change to be longer and

same area on the sample surface. In the filled-state if@ge sho_rter alternately, _making thex2 periodicity glong the
vertical chains of cocoon-like structures with tR& period- chains at LT. FolIovymg_ thg way of Kgmpit al,” we ex-

icity along the chains are observed, which is the same as if"eSS this model using indium-atom triangles that correspond
the previous STM study at 70 Kbut different from a theo- to the 'C|rc_ular protrusions in the empty-state image, as
retical simulation’3 In the empty-state imag@), each chain  Shown in Fig. 1d). This correspondence between the model
splits into two rows; each cocoon changes into a pair ofnd the STM image is quite natural by considering the rela-
circular protrusions. The numbers from 1 to 7 at the bottonfion with the RT phase. A previous STM stidyand a the-

of the images identify the corresponding chains in the filled-oretical simulatiof® for the 4x 1 RT structure showed that
and empty-state images. Hereafter, to avoid confusion, wghe inner pair of indium lines are brighter in the filled-state,
use the word “chains” only for the stripes in the filled-statebut darker in the empty-state, images. Our STM images at
image with the chain numbers. We also use “subchains” fo6 K also show similar bias-polarity dependence in the
each line of protrusions in the empty state. One chain in theniddle of each chain. This indicates that the center line of a
filled-state image consists of two subchains in the empty€ocoon chain corresponds to the center of the inner lines of
state image. The ¥ 2 and 8x 2 unit cells are drawn ifa)  the four lines of indium atoms. In other words, the dark line
and (b) by white parallelograms. between two adjacent cocoon chains in the filled-state image

Filled | Empty
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WO 000O0O0OPOOODOOE terms of a commensurate CDW picture. The CDW system is
simply expected to exhibit a contrast inversion between the
® . . . . - . filled- and empty-state STM images, because of the charge-
\\ \ \ \ \ \ \ density modulation leaving the charge-excess and charge-

oF W W W W W W €N deficit regions. The center of cocoons in the filled-state im-

age becomes dark in the empty state, indicating the charge
o, 9 .9 .9 .9 .9, redistribution in the inner two lines of In atoms, which is,
roughly speaking, the expected one for the CDW in this
sense. The previous first-principle calculatiofor the RT
structure showed that the two bands namnme2 and m3,

: i . ) which are responsible for the Fermi surface nesting, originate
are in antiphase with each other. The domain boundary beté@en mainly from the inner two rows of In lines. It is because of

?nno‘i(g 'S asshcz::/t\/?sné:gti(t;ivior?c?(t? ?:?Qgislégt%r?ilzusgsmg: thethis reason that the largest charge modulation is observed on
(D) ) y fo to pi i the inner lines in each chain. But such a simple contrast
same lattice as iriB) [and (C)], which is seen in yellow and red

chains in Fi see the text inversion is not observed in other _points in _the unit cell,
g- X ¥ probably because the empty-state image mainly shows the
corresponds to Si zigzag chains between the four In lines. &tomic structure, while the filled-state one is strongly modu-
Both the model and the STM image have a glide plane!ated by the charge distribution. y
which is consistent with diffraction resuft1¢ The corre- In the previous XRD study, a structural phase transition,
spondence between the model and STM images shown iiather than the CDW transition, was suggested based on the
Fig. 1(d), and another one in which the model is shiftedsgy lack of complete long-range ordering of the8’ periodicity
along the chain direction with respect to the STM imagies ~ across the chains even at 20"A simple CDW picture may
which the circular protrusions in the empty-state image argpostulate a bichain periodicity across the chains, because the
located between the In-atom triangleare the only ways to charge maxima in the neighboring CDW chains should avoid
meet this symmetry requirement. Although we take here theach other, leaving the neighboring CDW chains in antiphase
way shown in Fig. {d), the other choice also works for the (phase lockiny as depicted byB) and (C) in Fig. 2. Our
following discussion. STM image did not show the complete long-range order of
Now the unusual relation between the empty- and filled-such a bichain modulation even at 6 K, either. This is evident
state images in Fig.(&) is clear in 1d). In Chain Nos. 3, and at the lowest part of Fig. (&), where the alternate tilting of
5, lone indium atomsgpurple dot$ in the inner two lines of cocoons in the chains is not uniform across the chains. How-
In atoms, which are free from the In-atom triangigdue  ever, by considering that the commensurability order of this
dots, are on the cocoons in the filled-state image, but theyCDW is M =2, a strong locking effect between the CDW and
are located between the cocoons in Chain Nos. 1, 2, 4, 6, arttie lattice is expected. The locking effect is stronger between
7. In other words, the cocoons do not necessarily corresporitie CDW and the lattice, than between the neighboring CDW
to the atomic arrangement. In the empty states, on the oth@hains. The incompletex 8 periodicity can be attributed to
hand, the lone indium atoms are always located between thfe two ways of CDW-lattice locking mentioned befdies
circular protrusions. These features cannot be explained by @epicted a(C) and (D) in Fig. 2].
usual sense that the atomic structure uniquely corresponds to Next, the dynamical changes in the CDW at this LT phase
the distribution of protrusions in STM imagésharge distri-  are shown. Figures(8-3(e) are a series of STM images
bution). This unusual feature is, however, explained in thesuccessively taken from the same area. A protrusion of the
following way by assuming a CDW picture for this surface. step labeled “A” is a marker to identify the position. The
As indicated by crosses in Fig(d), the center of a co- black arrows in@—c) indicate a misty area in Chain No. 3,
coon in the filled-state image is located at the middle of twowhere thex2 modulation along the chain is not so clear. The
neighboring lone indium atoms in the Chain Nos. 3, and 5misty area is obvious on the left subchain of Chain No. 3 in
while at the middle of two neighboring indium triangles in (a) and(c), and the corresponding cocoons in the filled-state
Chain Nos. 1, 2, 4, 6, and 7. The charge has the maximurimage is wholly obscure igb). First, in the imagga), the
density at these inequivalent positions, but this is natural fomisty area was located at the lower right of the marker “A.”
CDW systems. When a CDW is commensurate with the latThe image(b) was taken 12 min later tha@) (t=12 min),
tice periodicity as in the present case, there is a strong lockwith opposite bias polarity. The misty area seems to shift
ing effect between the CDW and the lattice potential. Twoslightly upwards along the chain. However, its motion is evi-
sites labeled by blue and purple crosses in Fid) &re sym-  dent in(c), taken att=18 min: it shifts considerably down-
metric points, corresponding to the local potential minima orwards. And finally, in(d) and(e) taken att=24 and 30 min,
maxima, and, thus, they are the possible locking sites. It isespectively, there is no misty area in Chain No. 3 within the
for this reason that the maxima of the charge density sit ofirame.
these two points, indicating the existence of the two in- Figure 3f) explains how the misty area causes shifts of
equivalent locking sites in the superstructure. The situation ighe circular protrusions in the empty-state, and cocoons in
schematically shown in Fig. 2 as the difference betw@n the filled-state, images. The misty area is represented by a
and(D). gray area in this illustration. Above the misty area, the right
In this way, the unusual correspondence between theubchain of Chain No. 2 is higher than the left subchain of
filled- and empty-state images is naturally understood inChain No. 3 in the empty state, and the right cocoon edge of

FIG. 2. Schematic illustrations of a normal 1D metallic chain
(A), and its CDW state$B)—~(D).The black circles and grey shad-
ows represent atoms and electron clouds, respectiggjyand (C)
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FIG. 4. A part of the STM image of Fig.(8), which is rotated
by 90° (top pane), and the line profiles along the lines indicated in
the STM image(lower panel. The gray shadow in the line profile
indicates a misty area in each subchain.
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(f) ) the chain. Since our STM tip scans in the horizontal direction
! in the images from the top line to bottom one, the misty area
! cannot be dragged along the chains by the STM%iphus,

! this dynamical behavior is not a tip effect, but a real nature
' of this surface.

: We can also find this kind of dynamics in other chains.
|

|

|

|

The role of the misty area upon the phase of the CDW modu-
lation mentioned above is more clearly shown by line profile
N analysis. A part of_ the STM imadé&ig. 3(c)]'|s shovyn in the_

2 3 upper panel of Fig. 4. The lower graph is the line profiles
along six subchains labeled-f in the STM image. A sinu-
soidal curve at the bottom of the graph is just a guide of the

. Do phase. The profilea andb are for subchains of Chain No. 3,
(.130* 130 A). The elapsed timét) froin the. first Enagmg and the c andd are for those in Chain No. 4, amchndf are for those
tip bias (V7) of each image aréa) t=0 min, V;=-1.5V, (b) t . . . o
_ . _ _ : _ _ : in Chain No. 5. The misty area is indicated by gray shadows
=12 min,V;=2.0 V, (¢) t=18 min, Vt=-1.5 V, (d) t=24 min, V¢ in th fil Both subchai db in Chain No. 3
=-1.5V, and(e) t=30 min,V;+=2.0 V. A protrusion marked as “A” In the profiles. Both subchaires an n ain No. s un-

indicates a marker for identiying the position. The black arrows ind_ergo the pha;e shifts of bet_Ween the left- and r'ght'hanq
(a)~(c) indicate “uncertain phase areas” moving along ch@n sides of_the misty area; the Ilng profile on thg Ieft—.hand side
The relation between chair@) and (3) is seen from white circles Of the misty area is in phase with the guide sinusoidal curve,
on(a), (c), and(d), and/or ellipses ofb) and(e), which leads to an  While on the right-hand side it is out of phase. Thus, the
illustration (f) showing the phase shift caused by the soliton inMisty area acts as a phase shifter of the charge-density modu-
chain(3). lation. In Chain No. 5, two subchains,andf, also have the
same phase shifts simultaneously across the misty area as in
Chain No. 2 is lower than the left cocoon edge of Chain No.Chain No. 3. However, in Chain No. 4, the phase shifts occur
3 in the filled state, as indicated by arrows (). But the  at different positions between the two subchains. In the left
situation is reversed below the misty area, as indicated by theart, the profilec is out of phase wittd, but in the middle
arrows of opposite tilting. This relation between Chain Nos.area, both profiles are in phase, and in the right area, the
2 and 3 above and below the soliton can be seen from whitphase is reversed from each other again. This restricts the
ellipses and circles on the imag@s—c). In (d), the relation  structure model to one in which the two subchains can
of protrusions between Chain Nos. 2 and 3 is the same ashange their phase independently. The model used in Fig.
that at the lower part of imaggs) and(c), thus the misty  3(d) is acceptable from this point of view.
area should have gone up from the frame. In contragg)in Now we shall characterize this dynamic phenomenon.
the relation is the same as that of the upper part of the imagéwo types of phase modulation, named phason and soliton,
(b). So the misty area should have come back aft¢rand  are known for CDW systems. However, since the order of
gone down from the frame before the ima@® is taken. commensurability isv=2 for the present CDW, the nesting
Thus the misty area continues to move up and down alongector Q is half of the reciprocal lattice vectds, i.e., Q

2 3

FIG. 3. (a)—«(e) A series of STM images taken successively
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=G/2. This leads to the following relatior‘ﬁ(fb_Q,bJr Fig. 1 is not caused by the soliton motion. By comparing
:bIQ. Thus the CDW order parameter:g/€2Ni<bQ+biQ% Figs. 3a) and 3b), one can see that the correspondence be-
is real in this case, and the phason, which is related to theveen filled- and empty states in each chain is the same as
imaginary part of the order parameter, should be ruled outshown in Fig. 1, i.e., Chain Nos. 1 and 2 are red types and
Here we used andb' as phonon annihilation and creation Chain No. 3 is a yellow one. One might assume that this
operatorsN; as the ion density, anglas the electron-phonon phenomenon was caused by solitons that have passed along
coupling constant. Thus this phenomenon should be a solthese chainbetween £0 andt=12 min, that is, if two soli-

ton, and the Su-Schrieffer-Heeg@SH theory®?!is appli-  tons have passed along Chain Nos. 1 and 2 betwe6rand
cable. From the previous ARPES resulfthe CDW energy  t=12 min, the correspondence between filled- and empty-
gap is A=150 meV and the Fermi wavenumber k&  state images should be different between Chain Nos. 1-3.
=0.4 AL, Using these values, the length of a SSH soliton forHowever, this assumption is ruled out by compariagand

the present system is estimated a=21%ke/meA~40 A, (c). One can notice that the relation among subchains in
On the other hand, the experimental length of a solitonChain Nos. 1-3 is still the same {n) (t=18 min) and in(a)
should be measured using a stable one. In Fig. 3, some solit=0). This means that no other soliton appeared in these
tons were observed, but most of them were observed only iBhains other than the one observed in Chain No. 3 during the
one image, meaning that their velocity was so fast comparegme. In other words, no solitons passed through between the
with the STM scan. However, although it is not shown in thejmagings of(a) and (b) in Fig. 3, Thus, the unusual corre-

figure, just the same STM image ds) was obtained at  spondence between the filled- and empty-state images cannot
=6 min. Thus, one can consider that the misty area in Chaife explained by the motion of solitons.

No. 3 stayed at nearly the same place durir@—12min, The phase shift caused by a soliton is explained with
and we can estimate froth) the length to be~50 A, which  schematic illustrations in Fig. 2. Since a soliton shifts the
is consistent with the SSH theory. phase of CDW, both in filled and empty states as shown in

Following discussion would be important to know the na-Fig. 3, it is understood as a domain boundary of two CDWs
ture'of the .phase transition. Based on the SSI_—| theory, a solftB) and(C)], which are in antiphase with each other. On the
ton is mobile because the lattice tends to be intfeperi-  other hand, the unusual correspondence between the opposite
odicity ordering, while the electron density tends to be in theyjas polarities mentioned in Fig. 1 results from the two ways
X2 ordering. That is, the balance between the energy cosgf cpDwW-lattice locking[(C) and(D)].
by lattice distortion, and the energy gain, by electronic redis- |n summary, a detailed STM observation at 6 K has been
tribution, results in a highly mobile solitofa domain bound-  performed for a 1D chain structure of the(Hil) 4% 1-In
ary of two CDWs whose phases are reversed from eacByrface. Based on the detailed analysis about the correspon-
othey. If the lattice would gain the energy by the2 restruc-  gence between the filled- and empty-state images, we have
turing, the domain boundary should not be mobile anymoreshown evidence of the CDW scenario for the< 4— 8
In this context, the present system is shown to be a pur& 2’ phase transition. We also have shown the dynamics of

CDW one, not a result or trigger of a structural ssH solitons, which are expected for a commensurate CDW.
reconstructiort? 13

It is also important to note that the unusual correspon- This work has been supported by Grants-In-Aid from the
dence between the filled- and empty-state images shown ifapanese Society for the Promotion of Science.
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