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Dynamic s of formatio n of solito n conductivit y in a 2D-array of linear chains containing
commensurat e charg e density waves near the contac t with a normal metal

Yurij V. Pershin and Alexander S. Rozhavsky

B. Verkin Institute for Low Temperatue Physis and Engineering 47 Lenin Avenue 310164 Kharkov,

Ukraing*

(Submittel Januay 18, 1999 revised Februay 4, 1999

Fiz. Nizk. Temp 25, 609—615 (Jure 1999

We make anumericé study of the conversim of conductim electrors into charge densiy wave
(CDW) topologica solitors at the interfae betwe@ anormd metd and a2D-array of the
CDW-carryirg linear chains The interplay of commensurabilit potentia interchan interaction,
ard electrc field on the dynamic of soliton formation is studied When the interchain
interaction exceed the commensurabilit energy the dynamc mechanisn of creation of
fractionally charge solitors nea the contad is suppress# and specift contat¢ nonlineariy in
transpot currert is not observed © 199 American Institute of Physics.

[S1063-777%99)01106-9

INTRODUCTION

Sone quasi-one-dimensiohametallic alloys undergo
pha® transition to the Peierk dielectrc (PD) stae at low
temperature (see e.g.x™3. PD is characterize by a com-
plex orde paramete A exp(¢), where A is the gap in a
single-electra spectrun and pha gradiens defire the col-
lective charge transfer CDW conductivity Topologically
stabk nonlinea pha excitations in particular solitons and
antisolitons sene as the elementay CDW charg carriers.
The soliton descriptio is more or less successfuin expla-
nation of the nonlinea bulk transpot (see e.g, the Reviews
1 ard 2). However one principd aspet of CDW-physics,
viz, the problem of interactio of the current-carryig CDW-
pha® deformatios with conductia electronsin particular,
the natue of CDW/metd electroe interface phenomenais
not yet entirely understod and controversid explanations
still arises.

To descrile the proces of charg transformatio at the
CDW/norma metd interface the ideology of pha® slip cen-
ters (PCS which exploits the analoy betwea the PSC and
dislocatiors had been put forward (seg e.g, Refs 4-7). The
physics behird the PSC is the strongly pronouncd polaron
effect? i.e., conductim electrors imbeddel in the conduction
bard of a quasi-one-dimensiohasemi-conducto are un-
stabk agains self-trappirg and subsequetnabsorptia by the
valene bard wher they are finally convertel into CDW
phae solitons® Interchan interactio provides aggregation
of solitors into dislocation-like loops PSCs Charg trans-
formation takes place nea the contad with anormd metal.
In the cited publication§~’ (see alo referencs therein, the
PSG were treateal as the statc objects.

Dynamics of conversim was studial in a series of pio-
nea paper$° It was shown tha prior to formation of PSC
conductim solitors manifes highly nontrivid individud be-
havior, and the prope hierarcly of time scale which gov-
erms the charge transformatio was establishedSelf-trapping
is connectd with locd gap deformatios in conducting
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chains The potentia barrie for the self-trappimg is ~A, and
during the time ~#/A the quasiparticle spectrun is matched
to alocd value A(r,t); the time of the gap deformatim is of

orde of ! (o is the frequency of the Peierls phonons

which is of the orde of the Debye frequency™), the inter-
chan interactian being of orde T, (T, is the temperatue of
the Peierk transition, it defines the time /T of the inter-
chan pha® coherene onset In aweakly coupla array of
highly conductig chains when T.<Aw<A, the self-
trapping of electrons occurs in individual chains
independently* and the charge transformatios proceed in
two steps ead characterizé by its own time: transfe of
conductian electrors into the valene bard in a single chain
at ry~o 1, and formation of a collective charge carrie in
thischan at 7,> 7, . Thetime 7, isthe intrinsic scak of the
CDW-phae Hamiltonian?* at t< 7, individud charg car-
riers obey the Lagran@ equatios supplementé by the
bounday conditions The latters are formed during the time
t<r,;’ the initial phae perturbatim is localized nea the
interface over the distane of the orde of Very~¢&
=hVe/A; where & is the amplituce coherene lengh in
PD. The jump ¢ of the initial phase profilep(t=0) is de-
fined by the charge conservatia law in the proces of self-
trapping Indeed the collective CDW charg densityp in a
single chah is related to pha® gradien via the Frohlich re-
lation:

e do
T X’

p= N

When q electrors are convertel into the CDW-
condensatethe pha® acquires a locd deformatian with the
net pha shift:

Sp=@(X=2)— p(x=—x)=qm. (2

It was shown in® tha during the elementay ad of self-
trappirg at the metal/D interfae the charg 2e is trans-
formed into a CDW in a single chain i.e. two electrors with

© 1999 American Institute of Physics
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opposie spirs are sef localized during the time w 1. This

proces resembls the Andreer reflectian in superconductors.

Thus the initial condition to the phag equatiors of motion
leadsto q=—2 in Eq. (2). Asthe scale, is mudh less than
ary intrinsic lengh in the phag Hamiltonian?~* we can for-
mulate the initial condition as apoint-like step function with
the height equa to —27.”

In our previous publication§° we have studied the evo-
lution of the initial CDW profile both analyticaly and nu-
mericall in two models when self-trappirg occurs:

1) in acentrd chan which belongs to a cluste of nearest
chairs containirg an incommensura CDW. The electric
field was not taken into account®

2) in an isolated chain containirg commensura CDW
in the presene of a dc-electre field.*°

It was shown that the initial condition always transforms
into stabk topologica Sine-Gorda (SG) solitons In the
modé of neares chairs cluste ead soliton has charg 2e,
ard the role of the bulk term in the SG equatia plays the
role of interaction betwea chairs of the type sin(go— ¢1),
where ¢o and ¢, are the phass in the centrd and nearest
chains In acommensurat CDW we hawe observe the ef-
fect of a charg fractionalization (see e.g, Refs 1 ard 2)
when the initial profile decay into M fractionally charged
solitors (an integeg M>2 is an index of commensurability
ead carryirg charge:

gs=2€e/M. (3

It was shown in Ref. 10 that soliton-antisolite pairs with
chargs =g, (3) are creat@ in a dc-electrc field from an
initial CDW profile, thus giving rise to an additiond contact
non-lineariy in the CDW-conductivity.

It is certainy interestilg to study the evolution of initial
CDW profile ard interaction of phass in differert chairs in
a more generd 2D model| which takes into accoun the ef-
fects of commensurabilityinter-chan interaction and elec-
tric field. This problem is nat integrable it is solved numeri-
cally in this paper.

MODEL

Conside the 2D-arrgy of the CDW-containirg chains
which occupy the semi-axs x=0. The Lagrangia of the
system is (seg e.g, Ref. 2):

L A_z(% 2 AR (9ei)?
ThVe 5 | w?\ ot 4 |\ ox
A% 2

+ =5 15 w5 COSM gy + 2T2 cos( ¢ — ;1)

e ~
+;ﬁVFE(<Pi_(P) : (4)

wherep; denote the pha® in the i-th chain, wg is the com-
mensurabiliy frequency and ¢ is the phase ak— + .
Sud form of the lag term in Eq. (4) takes into accoun the
renormalizatio of the pha® in eat chan in the presene of
an electri field.

Y. V. Pershin and A. S. Rozhavsky

The equatian of motion for the Lagrangia (4) has the
form:

Pxi Pxi , - ,
W_a_yz+AS|nM(Xi+<P)+BS|n(Xi_Xifl)
+Bsin(xi—xi+1)=¢, 5
where
_2A e v EZE
_fiV,:wX' ET ot IFAZ
w3 w?_, B
AZV, B:PTC’ andXiI(pi_(p. (6)

In a nonzeo field E the grourd stae is:
p=arcsn(e). 7
Equation (7) implies the restrictilm on the electric field

wherely the stabk pha® configuratio exists:

<1. (8

A

Only the fields tha obey the condition (8) are considered
further.

Equatian (5) is supplementg by the initial and boundary
conditiors which descrile conversia of the pair of electrons
into a CDW-profile in a centrd chan (i =0) (see the above
discussia of the hierarcly of times in this problen):

dXi

— =0, (93
ot -0

Xi(t=0)=—2mw0(&—y) 0, (9b)
Xxi(y=0)=—2md, (90

where §;;=1, i=] and §;;=0, i#]; & is the coherence
length &,=7%AVE/A in units (6), £&<<1; and 6(y) is the
Heavysie step function.

In what follows, we solve Eq. (5) with the conditiors (9)
numericaly by mears of the methal of finite differences.
The differen@ equatim correspondig to Eq. (5) has the
form

Xik+ 1t Xik-1072Xi k) Xikl+1T Xikl-17 2Xi Kl
(At)? (Ay)?

+ASINM(xi k11 o)+ B Sin(xi xi— Xi+ k1)

+ B sin(xiki—Xi-1k1) =&, (10

where At is the time step Ay is coordinae step and y; x|
=xi(Atk,Ayl). Equatian (10) is solved for differert values
of parametes ard at different envelog functiors in (9b).
The resuls presentd are obtainel for max(k)=1000 (max()
is the numbe of siteg. It is found in particula tha neither
changiry the shag of the initial perturbatio (9b) (rectangu-
lar or triangula step nor increasig the numbe of sites pro-
vides ary significart effed on the solution of Eq. (10).

Copyright ©2001. All Rights Reserved.
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FIG. 1. Dynamics of conversim of the electrors to the commensur& one-dimensionaCDW. A=1: a—acceleratig field: e=0.05 b—deceleratig field:
&=—0.05 c—acceleratig field: ¢ =0.2 The mechanim of the pair creatio is observedd—deceleratig field: ¢ = — 0.2 The mechanim of the par creation

is observed.

CONVERSION IN A SINGLE CHAIN

Dynamics of conversim of conductia electrors into a
one-dimensioaCDW was studied in.1° The systen is de-
scribal by the reducel equation (5):

(92 (72

%_a_y)g"‘ASinM(X"'zb):S- (11

In we&k deceleratig and acceleratig fields (|e/A|
<0.1) the dynamic of pha® develofs along conventional
lines In an acceleratig field the initial profile propagates
along the chan keepirg sak its “«step-like»” form (9b)
(Fig. 1a). In aweakly deceleratig field (Fig. 1b), the initial
profile loses its stability after sore time and splits into com-
mensurabiliy solitors (3), which rever® their direction of
motion, ard eventualy colled nea x=0. The radiation
propagatig with the maximum velocity is clearly observed.

The picture change drasticaly when |s/A| exceed a
threshotl field 1. In this cas the charg creatin during the
evolution of the initial profile is observe both in accelerat-
ing (Fig. 1¢) and deceleratig fields (Fig. 1d). The reversaof
the sign of createl charge with the chang of the field

direction unambiguousl indicates tha the mechanim of the
charge formation is the polarization of a CDW vacuum at
£>0, the soliton (s) ard antisolitan (S) move pro- ard contra
the electric field correspondinglyat <0 soliton and anti-
soliton chang their positions Suc a mechanim of the
charge creatim is responsil# for the specift nonlineariy of
the conta¢ conductivity°

. EVE-E;
B VE-Ey

(12

Note tha the threshadl field E;, which defines the onsé of
the nonlinea contad conductivily (12), is differert from the
ore normally observe in bulk transport:? The latter is of
electrostati origin ard of course canna appeain numerical
simulatian of Eq. (11). The microscopt origin of the thresh-
old (11) is the concurrene betwea the enery of soliton-
antisolitan confinemet in a moving pha® profile and the
electri field, which tends to dissohe the ss-bourd state'®

Copyright ©2001. All Rights Reserved.
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FIG. 2. Dynamics of conversim of the electrors to the cluste of the neares chains N=2, B=1: a—incommensuratchains ¢=0, A=0. The initial
condition transforns to a 27-kink surrounded by dipoles; b—commensurate chains, acceleratingdield:4, A=1. The mechanism of the pair creation is
observed c—commensuratchains deceleratig field: e = —0.2, A=1. The mechanim of the pair creatio is observed d—commensuratchains deceler-

ating field: e=—0.3 A=1. The mechanim of the pair creatiom is observed.

CONVERSION IN A 2D-CLUSTER OF NEAREST CHAINS

In this modé we conside the conversim in a central
chan which is surroundd by N symmetricaly arranged
neares chains The symmety of the problen allows us to
descrile the dynamic of conversim by the following two
equations:

#Pxo X0 . - .

Frarya +AsiNM(xo+ ) +NBsin(xo—x1)=¢,
(139

Px1 Pxa . - ,

W—W+AS|nM()(l'f‘(p)'i‘BSIn()(l_)(o):S,
(13b

where xq is the pha® in the centrd chan and y; in neigh-
boring ones Equatiors (13) are supplementg by the condi-
tions (9). Equatiors (13) differ from Eq. (11) by the inter-
chan interaction term B sin(xo— x4)-

The oversimplified problem (without the electric field
and commensurabilit potentia) was solved analytically in
Ref. 8. It was shown in Ref. 8 tha pair of self-trappé con-
duction electrors transforns into a charge 2m-kink local-
ized in a centrd chan and surroundd by dipoles in neigh-
boring chains The resut of a numericd study of same
problem is plotted in Fig. 2a There are two distinctiors be-
tween the resuls obtainal analyticaly and numerically First

is the existene of the radiation (Fig. 28 which has been
droppel in.2 Second decreas of the velocity of the 2z-kink
(Fig. 2a), which is the typicd featue of the soliton-type so-
lutions in the discree Sine-Gorda equationt*? The inclu-
sion of the commensurabilit [A#0 in Eqg. (13)] resuls in
suppressio of the chargel dipoles.

Taking into accoun the electri field in ther.h.s of Egs.
(13) leads to various pictures which depem on the equation
parametersAs in the modd of a single chain the threshold
field is observedwhich is highe tha in the one-dimensional
modd and which depend on the numbe of neighboring
chairs N, the parametes A ard B, and sign of the field.
Increasilg the numbe of chairs leads to increasig the
threshotl field. In wed& acceleratig fields (e/A<0.3)
charge 2m-kink moves in the central chain and only the
radiatin is observe in the neighborirg chains In higher
acceleratig fields (¢/A>0.3) fractiond charg creatio is
observd (Fig. 2b); it occusin the centrd ard in neighboring
chairs simultaneously which explairs the enhancemenof
the threshadl field.

Figures 2c and 2d shaw the solutiors of Egs (13) in
deceleratig fields The dynamice in wes deceleratig fields
(le/A|<0.15 is analogos to the correspondig resut for a
single chain The initial profile, which moves opposie the
field, loses its velocity after sone time and localizes near

Copyright ©2001. All Rights Reserved.
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FIG. 3. Dynamics of conversim of the electrors to the 2D-array of chains B=1: a—incommensuratchains ¢ =0, A=0. The initial condition transforms

to a 2m-kink surrounded by dipoles; b—commensurate chairns0, A=1. Commensurability leads to the suppression of the dipoles; c—commensurate
chains deceleratig field: e = — 0.5, A=1. Theinitial condition transforns to a 27r-kink decelerating by the field; d—commensurate chains, accelerating field:
£=0.5 A=1. The initial condition transforns to a 27-kink accelerating by the field.

x=0. In highe fields (|e/A|>0.15 the charg creatio is
observd (Figs 2c and 2d). The charg creatio occussin the
neighborimg chairs only (Fig. 2c) or in the centrd ard in the
neighborimg chairs simultaneous (Fig. 2d), but always soli-
tons ard antisolitors in the neighborig chairs form bound
states with solitors and antisolitors in the centra chain It
mug be emphasizeé tha the value of the threshotl field de-
pends on the sign of the applied field. In our opinion, this is
artifad of the model actually, in red experimemh one has a
symmetrc systen with two metal/CDN interfacesand E is
independenon the sign of «.

BEYOND THE CLUSTER APPROXIMATION

Conside the finite numbe of chairs arrange symmetri-
cally relative to the centrd chain We stat from the model
without electrc field and commensurabilit temm (Fig. 3a).
The picture obtainel isin its comman features similar to Fig.
2a The chargel 27-kink moves in the central chain and
surroundd by dipoles and radiatian in the array of chains.

S

With increag in the size of array, the dipoles will be spread
in the direction perpendiculato x. The amplituce of radia-
tion is approximate} the sare in all the chains.

Figure 3b shows the solutiors of Eq. (5) a ¢=0. The
commensurabilit suppressethe charge dipoles The 27-
kink moves in the centrd chain losing its velocity.

In the presene of an electrc field (Figs 3c ard 3d),
effects of the soliton-antisolitm pairs creation ard fractional
charge solitors (3) are nat observedIn the deceleratig field
(Fig. 3¢) the 2#-kink looses velocity and localizes near
x=0. In the acceleratig field (Fig. 3d), the 27-kink accom-
panied by radiaticn moves into the bulk.

In Fig. 4 the soliton-solito interaction for the solitons
locatal in the neighborimg chairs is studied This problem is
interestirg in the contex of the problam of the solitors ag-
gregatia into the macroscopi phase-sfy centers The 2-
kink localized in the cente of the first chan is prepared
in the following way: the initial condition for this chan is
chosa in the form:

Copyright ©2001. All Rights Reserved.
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FIG. 4. Interactimn betwea the solitors in the neighborirg chains ¢=0,
A=B=1. The soliton-solitm interaction leads only to smal pha® shift of
the solitons.

I
¢1(t=0)=—2770(§—y), (14
whee | isthe lengh of the chain Then after sone time, the
condition (14) decay into the stabk 27-kink accompanied
by the radiation which spread in both directiors in all the
chains The velocity of this kink is zero due to the symmetri-
cd initial condition (14) contray to the initial condition (9b)
which produce the kink with a nonzeo velocity. Before the
collision we put the radiation equa to zera Hence we have
the statc 27-kink in the first chain and the movingn2kink
in the zer chain From Fig. 1b we see that the velocity of the
kinks does nat chang after collision. The collision results
only in the smal spae shift of the kinks, which mears that
the aggregatia of sud solitors into macroscop phase-slip
centes does not occu in this model.

CONCLUSIONS

In this pape we hawe studial severd modek describing
the dynamic of conversim of conductim electrors into to-
pologicd solitors of the commensuracharg densiy wave.

Y. V. Pershin and A. S. Rozhavsky

In an incommensura& CDW, in the absene of electric
field, the initial condition transforns into the 27-kink local-
ized in the centrd chain and surroundd by chargel dipoles
in the othe chains The commensurabilit leads to suppres-
sion of sudch dipoles In the presene of electrtc field when
B/A<1 ard the field beirg sufficiently large the mechanism
of topologica charge creatia is observedIf B/A<1 (which
is more realistig the fractiond charg conductiviy ard cre-
ation of the soliton-antisolite pairs are suppressedrhe 27-
kink islocalized in the centrd chan ard is surroundd by the
radiation in the other chains The soliton velocity depend on
the field.

In the framewok of this modé the soliton-solito inter-
action does naot lead to the aggregatia of the solitons into
macroscopi phase-sp centers.

*E-mail pershin@hotmail.com
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