PHYSICAL REVIEW B

Central Research Institute for Physics, Hungarian Academy of Sciences, P.O. Box 49, H-1525

VOLUME 32, NUMBER 4

Quantum theory of local perturbation of the charge-density wave by an impurity:

Friedel oscillations

L. Tiitt6 and A. Zawadowski

(Received 22 October 1984)

The interaction of a single impurity with a charge-density wave (CDW) cannot be described by
Ginzburg-Landau theory. In the present paper a one-dimensional microscopic quantum theory is
presented considering only the backward scattering of the electrons by the impurity at zero tempera-
ture. This theory considers the strong perturbation of the CDW inside the amplitude coherence
length, which perturbation is dominated by the Friedel oscillations at short distances. It treats the
CDW within the framework of the mean-field approximation, and sums up the backward scattering
to all orders in perturbation theory. The main features of a self-consistent treatment of the mean
field is briefly outlined and the modification can be embodied into the renormalization of the impur-
ity scattering. The results obtained are sensitive to the impurity-scattering strength. In first order,
the results of the rigid CDW are reproduced; in second order, the previous results by Barnes and
Zawadowski are obtained. The largest effects are in the strong-scattering region. The following
physical quantities are calculated: electron density, ground-state energy, density of states, and the
force exerted by the impurity on the CDW as a function of the relative position of the impurity with
respect to the CDW, and a solution of the equation of motion is found. Considering the electron
density in the intermediate-coupling-strength case, the Friedel oscillations dominate at short dis-
tances well inside the amplitude coherence length. In the charge density, the Friedel oscillations and
the CDW are additive to a good approximation. Outside the amplitude coherence length, the
Friedel oscillations tunnel into the CDW gap. In the density of states at the impurity site, the singu-
larity at the gap edge is smeared out and a pair of bound states appears in the gap if the CDW and
the Friedel oscillations are out of phase. Further bound states appear also outside the conduction
band. The effective potential describing the interaction of the CDW with the impurity is very non-
sinusoidal in the intermediate-coupling-strength region, but becomes more sinusoidal for very weak
and very strong coupling. The effect of this nonsinusoidal potential in the equation of motion is in
the enhancement of higher harmonics appearing in the narrow-band noise, but their intensities
remain monotonically decreasing. Among the observable effects predicted are the following: the
temperature dependence of the ratios of the intensities of the harmonics in the narrow-band noise,
the effect of the nonsinusoidal potential in the Shapiro steps, and the appearance of Friedel oscilla-
tions in NMR and diffraction experiments.
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I. INTRODUCTION

Thirty years ago Frohlich! proposed the charge density
wave (CDW) state as a candidate for carrying coherent
current on macroscopic scale, however, strong experimen-
tal evidences for that idea appeared in the literature only
in the last few years. The first material in which the slid-
ing in an incommensurate CDW has been observed is
NbSe;.2 The crucial experimental discoveries that have
been made are the nonohmic conductivity with a critical
electric field (threshold field) which must be exceeded to
have the CDW sliding,2 and the narrow band noise,’
which means an ac response for dc applied voltage. For
more experimental details we refer to the excellent review
articles that have appeared in the literature (see Ref. 4).
Most of the theoretical approaches are classical, namely,
the CDW is considered as a rigid object”® moving in a
periodic potential’ with periodicity equal to the wave
length of the CDW, or a deformable medium?—1°
described by the classical theory of elasticity. The latter is
essentially a Ginzburg-Landau theory where only the
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phase of the CDW is deformed but its amplitude is taken
unchanged. In all of these theories the pinning of the
CDW by impurities is manifested in the threshold field.
For a long period of time, the only quantum agproach to
the problem had been proposed by Bardeen,'!!? who sug-
gested that tunneling in the vicinities of the impurities is
responsible for the weak coupling between two macro-
scopic quantum states. Recently, Barnes and
Zawadowski'3 have proposed that the weak scattering on
impurities may result in a weak coupling between the two
quantum states corresponding to the right and left moving
CDW states. In this sense their theory shows a strong
resemblance to Bardeen’s theory,“’12 but without the idea
of Zener tunneling. This theory exhibits also a strong for-
mal analogy with the theory of Josephson junctions.
There are several other approaches as well, e.g., where
smaller commensurate regions are separated by transition
regions of the soliton type.'* Some recent experiments
have been interpreted as direct evidence for the generation
of the narrow-band noise by the regions of the electric
contacts.!” The relevant theories are based on formations
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of vortices'® or phase slip centers'® near the contacts.

The present work is an extension of the theory of
Barnes and Zawadowski!® and based on the physical ideas
summarized in Ref. 17. In the previous work,!3 the analo-
gy with the Josephson junction is emphasized, this treat-
ment is focused, however, on the amplitude and phase
perturbation of the CDW in the immediate vicinity of a
single impurity. The present study is motivated by several
theoretical and experimental problems.

Considering the theoretical problems, the following are
the most important.

(i) In the classical model where the CDW is treated as a
single particle, any internal motion or deformation of the
CDW is completely ignored.

(ii) The Efetov-Larkin® and the Fukuyama-Lee-Rice’
theory of the CDW is capable of describing the long-range
deformation but certainly does not deal with any pertur-
bation on a length scale shorter than the amplitude coher-
ence length £,=vr /Ay where vy is the Fermi velocity and
Ay is the gap characterizing the CDW.

(iii) The microscopic processes have been recently con-
sidered by Barnes and Zawadowski!> to second order in
the backward scattering on the impurity. The higher-
order processes, however, have not been considered; there-
fore, the physical relevance of those calculations has
remained somewhat in doubt.

(iv) Friedel oscillations'® must occur in the conduction-
electron density around an impurity in any metal. As the
CDW gap is small this oscillation must exist in the CDW
state as well. As both the periodicity distance of the
Friedel oscillation and the wavelength A of the CDW are
determined by twice the Fermi momentum kg, therefore,
a strong interaction and competition between the CDW
and the Friedel oscillation is expected around the impuri-
ty.

From the point of view of the experiments the follow-
ing questions are related to the present work.

(i) Does the effective potential, by which the interaction
between the impurity and the CDW and the phenomeno-
logical taken into account, have a sinusoidal form or is
there a strong deviation from that?

(ii) Is A or A /2 the periodicity of that effective potential
as has been suggested by Monceau et al.?"’

(iii) Do the ratios of the harmonics in the narrow-band
noise depend on the temperature or not?

(iv) Does the magnetic interaction with magnetic im-
purities contribute to the pinning of the CDW or not?

The role of magnetic impurities has been recently stud-
ied experimentally?® and a theory has been worked out
considering the Josephson-type processes?! to second order
in the magnetic exchange coupling. The extension of this
theory is, however, beyond the scope of the present paper.

Concerning the theoretical motivations (iii) and (iv),
further remarks will be made.

The CDW phase is characterized by the formation of
electron-hole bound pairs with total momentum +Q and
with total spin S =0 (Q =2m/A). There are two different
types of pairs with momenta +Q, respectively, which are
condensed forming two macroscopic quantum states (see
Fig. 1). The interference between the left- and right-going
condensate results in the formation of the CDW. The
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FIG. 1. 1D dispersion curve with the two types of electron-
hole pairs (labeled by 1 and 2) forming the CDW. The arrows
are indicating the two backscatterings on the impurity which
represent a transition between the different pairs.

second-order term in the acceleration of the CDW due to
a single impurity calculated by Barnes and Zawadowski'>
corresponds to the transition of two electrons from the
same side of the dispersion curve to the opposite one by
backward scatterings at the impurity. Thus, this process
contributes to the transition between the two different
types of pair (see Fig. 1). The right- (left-) going pairs are
characterized by the macroscopic phase —¢ (+¢). The
phase @ also determines the position of the CDW. The
rate of the pair transitions is proportional to
sin[2(¢ —@()], where the phase @q is determined by the
position of the impurity. Thus, the position of the CDW
with respect of the impurity determines whether the num-
ber of right- or left-going pairs increases in this scattering
process, or in other words, whether the acceleration of the
CDW due to the impurity is in the right or left direction.
In the case of a CDW moving with constant velocity the
phase @ of the CDW varies monotonically, thus the ac-
celeration and the transition rate oscillate in time. There
is, however, a difference between the present case and the
Josephson junction, because the two condensates of the
CDW are located in the same volume, just as in the case
of superfluid He; where the pairs show the Leggett oscil-
lation in the presence of an external magnetic field.??
There is another difference, namely, the third order in
perturbation theory gives a finite contribution to the ac-
celeration of the CDW, in contrast to the Josephson ef-
fect. The origin of this difference is that the electrons
move in an effective periodic potential induced by the
CDW and the scattering on that results also in back-
scattering with momentum transfer +Q. Thus, e.g., a
transition of an electron from right to left may occur as
two right-left scatterings on the impurity and a left-right
scattering on this effective periodic potential, which tran-
sition is the second of the processes depicted in Fig. 2. In
the mathematical sense, the scattering due to the effective
potential appears as the anomalous left-right (right-left)
Green’s function?® G,z (Gg. ) and the process is described
as

TG T, (1.1

which is the first correction to the backscattering ampli-
tude T.

The motivation concerning the Friedel oscillation
deserves also a longer discussion. The electron density
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FIG. 2. Diagrammatic representation of the scattering of an
electron from right to left in the perturbation theory.

around an impurity is shown schematically in Fig. 3. At
the impurity the electrons are affected by the impurity po-
tential which has a height of about 0.1—1 eV depending
upon whether the impurity is weak (neutral) or strong
(charged).8 Furthermore, the electrons move in the mean
field potential due to the CDW which has the amplitude
of the CDW gap Ay~0.01 eV. Since at the impurity site
the effect of the impurity is the dominant one, the Friedel
oscillation must be formed around the impurity. If the
height of the impurity potential is comparable with the
bandwidth D then the amplitude of the Friedel oscilla-
tions approaches the total electron density in the band.
Because of the large damping of the Friedel oscillations at
larger distances measured from the impurity, there exists
a crossover distance x, beyond which the CDW dom-
inates the Friedel oscillation. The main phenomena is
that the impurity tries to lock the phase of the oscillation
in order to have the maximal or minimal electron density
at the impurity depending on the sign of the impurity po-
tential. In general this locking phase is different from the
phase @ of the unperturbed CDW; thus these two dif-
ferent phases must be matched in the crossover region

8 (X)

Friedel oscillation

0 X
FIG. 3. Schematic plot of the electron density around an im-
purity. The region of mismatch between the regions dominated
by Friedel oscillations and by CDW is represented by the dotted
line.
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around x,.

The picture of the interaction between the sliding CDW
and the impurity is very different from that in Ginzburg-
Landau theory, in which the phase ¢(x) of the CDW is a
slowly varying function of the space coordinate x, and
that phase determines the electron density at the impurity
site which interacts locally with the impurity. In the
present theory, if the impurity is strong, then the phase of
the CDW is locked at the impurity and the interference
between the Friedel oscillation and the CDW determines
the interaction energy and the force F exerted on the
CDW by the impurity. It must be emphasized that the
Friedel oscillation is dominant over a few atomic dis-
tances (a) around the impurity, while the phase of the
CDW is slowly varying on the length scale of the ampli-
tude. coherence length £, In most of the case £;>>x,
thus the phase of the CDW cannot be very different on
the two different sides of the impurity just beyond the
crossover region (xg<x <§&p). In the present theory the

- interaction with the impurity is treated in perturbation

theory. It will be shown that this theory provides the
modification of the CDW only in the intermediate vicini-
ty of the impurity x <&, and does not produce the long-
range phase deformation of the CDW. In a realistic case,
the long-range deformation acts to minimize the
mismatch of the phase in the crossover region. In the
case of a single impurity in an infinitely long sample, the
mismatch always disappears due to the long-range defor-
mations, but that is not the case in the presence of many
impurities. Thus the present theory gives the correct de-
formation of the CDW on very short length scales x <&,
only. The long-range deformation is beyond the scope of
the present paper and that must be obtained from the
Ginzburg-Landau theory,®® where the CDW impurity in-
teraction is taken from the present theory. The
Fukuyama-Lee-Rice theory®’® of that type provides the
long-range phase coherence length & known as the Lee-
Rice length (£ >> &, for weak impurities).

The basic scheme of the formalism applied in the
present paper is as follows. The interaction leading to the
CDW is treated in the mean field approximation and the
perturbation by the impurity is treated in the same
manner. First the mean field is taken from the case
without impurities and later the main features of a self-
consistent theory are briefly outlined. It will be shown
that the qualitative picture presented is not affected by
taking the mean field of the impurity-free case.

The high degree of anisotropy of the conductivity and
the structural data support that these type of materials
such as NbSe; are quasi-one-dimensional. Instead of us-
ing the realistic, but very complicated Fermi surface, it is
widely accepted to adopt a model with a Fermi surface
consisting of two almost-parallel planes. The role of the
nesting of these planes was discussed in details by
Gor’kov and Dolgov,24 who have shown that the one-
dimensional model leads to a qualitatively correct picture
in a mean field approximation. The shortcomings of the
one-dimensional model are the lack of the extension of the
perturbation in the perpendicular directions. In our prob-
lem the extension of the Friedel oscillations in perpendic-
ular directions depends on the interchain coupling. The
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region of the Friedel oscillations around the impurity has
a cigar shape. The behavior, however, in the longitudinal
direction is effected only slightly. In this paper for the
sake of simplicity a strictly one dimensional problem is
treated in the mean field approximation keeping in mind
that in reality the Friedel oscillations are three dimension-
al.

Therefore the model to be treated is strictly one-

dimensional and for sake of simplicity only the backward

scattering on the impurity is treated.

In Sec. II the formalism is presented. Section III is de-
voted to the calculations of the electron density and the
order parameter at the impurity site and to the ground-
state energy. In Sec. IV, the electron density is obtained
at finite distance. Section V contains the result for the
density of states and for the bound electron states which
may appear as has first been pointed out by Gor’kov and
Dorokhov.? In Sec. VI the force exerted on the CDW by
the impurity is calculated as the derivative of the interac-
tion energy with respect of the position of the CDW. The
single particle model for the moving CDW is discussed in
Sec. VII with the force derived in Sec. VI. In the Con-
clusion the experimental consequences of the present
theory are briefly summarized. Appendices A and B are
devoted to the calculation of the CDW acceleration in
third order of perturbation theory using the real time
technique in order to check the validity of the simpler
method of Sec. VI. The formalism of the wave function
of BCS-type is quoted in Appendix A and applied in Ap-
pendix B. Finally, in Appendix C the self-consistent
theory is outlined.

II. FORMALISM

The Hamiltonian H to be treated consists of the Hamil-
tonian H, of the interacting electron gas forming the
CDW and of Hi,, describing the interaction between
electrons and a single impurity,

H=Hy+Hp, - (2.1)

The part H, must contain the kinetic energy of electrons
and the interaction responsible for the formation of the
CDW which may be a direct electron-electron interaction
or electron-phonon interaction. In the latter case H in-
cludes the phonon part as well. The formation of the
CDW without the impurity will be treated in the mean-
field approximation, which can be formulated either by
using the anomalous Green’s functions introduced by
Gor’kov or by introducing a BCS-type ground-state wave
function and quasiparticle operators following the Bogo-
lyubov formalism applied to superconductivity (for the
latter see Appendix A). In the mean-field approximation,
the interaction is embodied into the uniform gap “field”
Ag(@)=Age’?, with phase ¢ and an effective Hamiltonian
H cpw can be introduced,

+
Hcpw= 2 €xk 0%, o
k,o

Ao((P)2ag+Q/2’o-ap_Q/2,a+C-C. , (2.2)
Do
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where a,Ia and ay, are the free-electron creation and an-
nihilation operators in one dimension, € =vgp( |k | —kfp)
is the kinetic energy linearized near the Fermi momenta
+kp, vp is the Fermi velocity, Q is the wave vector of the
CDW (Q =2kp), and for the momentum p, a symmetri-
cal cutoff po=2D /vr is applied, where the energy D is of
the order of the bandwidth. That approximate dispersion
curve is depicted in Fig. 4. :

One of the most important approximations to be ap-
plied is that Ag is taken to be uniform and not affected by
the presence of the impurity. In a self-consistent approxi-
mation, the change 8A(x)=A(x)—Ay(g) due to the im-
purity must be fed back into Eq. (2.2). The Green’s func-
tions are, however, sensitive to an appropriate space aver-
age of 8A(x) taken over a region which has a characteris-
tic size of the amplitude coherence length known as the
BCS length £y=vr/Ay. As will be seen, 8A(x)/Ag is rela-
tively large only in the intermediate vicinity of the impur-
ity (few atomic distances), which is a region small com-
pared to &, thus the change 8A(r) can be taken into ac-
count by a weak renormalization of the impurity scatter-
ing as will be shown in Appendix C.

In the mean-field approximation the definition of the
energy gap Ay(g), the quasiparticle energy E (k), and the
gap equation are of the BCS type; thus

Ao p)=8 (@) 01,08 +0/2,0) » 2.3)
po
and
E,=E (k)=[Aj+(vpp)*]'?, 2.4)
where k =+Q/2+p and
l=—gs 3 —, 2.5)
” 2E,
which gives for A,
. 2mvp - 2mvE
Ay=D |sinh ~2Dexp | — , (2.6
FAR lg s

where the effective electron-electron coupling g <0 in-
cludes the phonon exchange, D is the symmetric band-
width cutoff, and s is the degree of spin degeneracy (in
the real case s=2), otherwise the spin index will be
dropped in the paper.

In the usual way the electron field operator can be split

€k

EF

-ke-Ry ~kF kg +Pg ke-Po kg kpepok

FIG. 4. 1D dispersion curve. Only those electrons with mo-
menta p are taken into account in our model, for which holds

kr—po< |p | <kr+po.
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into left (L) and right (R) moving parts,'>26
Y=Y+, 2.7)
with
1

YolX)=—77 3 e*®q, with a=R,L ,

(2.8)
L' 4o ,

where L is the length of the system and a=+1 on the
right-hand side of Eq. (2.8) stands for the right (R) and
left (L), respectively. Considering an incommensurate
CDW (no umklapp processes) without impurities the
number of left and right electrons are conserved; thus the
following two quantities are conserved,!3

 No= [ dxyl(x)¢e(x), a=L,R . 2.9)

This conservation law can be manifested by the following
gauge transformation

Va—Pae ' °

where @; and @y are arbitrary phases. The difference
@=¢; —@g is associated with the real-space position of
the degenerate ground state of the CDW. Thus, the total
-electron density p%(x) at position x is (see Appendix A)

(2.10)

pO(x)=s (P (x)(x)) =s[pp—picos(Qx —p)] ,  (2.11)
with ’
D
=2 2.12
Po TR ) ( )
and
_ Lo (2.13)
STURE

where py is the average electron density for one spin direc-
tion and p; is the amplitude of the CDW and the dimen-
sionless coupling is g=—g/2mvp. Furthermore, the
phase of the gap is given as
Ag(x)=Age! @ —9) (2.14)
In Eq. (2.11), pq is determined by ¢k ) and (¢fy. ),
while the cross terms (Y, ) and (YLyg) contribute
to p;.
In order to study the role of impurities, one can consid-
er the most simple interaction Hamiltonian H,,

H, =V (ROYR,), (2.15)
Ri

where V is the local electron-impurity interaction poten-
tial and R; is the position of the impurity “i”. In the
general case ¥ may depend on the momentum transfer g,
and the values V(g~0) and V(g=~=Q) are of impor-
tance. The calculation can be simplified if the forward
scattering ¥ (g =0) is dropped and only the backward
scattering T =V (q =%Q) is kept, which of course is a
strong limitation. Thus, in this case the Hamiltonian for
a single impurity located at the origin has the form

Himp =T[4k (004, (0)+ 9} (09 (0)] . (2.16)

This Hamiltonian does not show the gauge invariance
given by Eq. (2.10); thus the ground state is not degenerate
any more as the impurity can pin the CDW in a prefer-
able position. It follows also from the gauge transforma-
tion that any result obtained for ¢ =0 can be generalized
for a CDW with arbitrary position (given by ¢) by the
substitutions T—Te *'? and T— Te ~*? in the first and
second terms in the right-hand side of Eq. (2.16), respec-
tively. :

Although our calculation will be valid only at zero tem-
perature, for convenience, the finite-temperature Green’s
function will be applied and the zero-temperature limit
[B=(kpT)~'— ] will be taken afterward.

The definition of the Green’s function including the ef-
fect of impurities is

Gop(x,x";7—7') = — T, {Palx, PHx", )} ), (2.17)

where 7 is the complex time variable (see, e.g., Ref. 27).

Following the real-space technique of Ref. 26, the
Green’s function without impurities can be written in the
form

Gfl%(x,x’;r—r’)

i[(Q/2)(ax —Bx")+ ¢, —ppl A
e $a”BG U x —x',7—1),

(2.18)

where G 51(2 depends only on the differences of the argu-
ments, and it is independent of the gauge; thus its Fourier
transform can be written as

G i,oé(x —x",7—17')
1

:Eze

o,

i[plx —x")—0,(r—7)]14

Goplprio,) ,  (2.19)

where ©,=(2n +1)7B~' and —py<p <po (po<kr).
Furthermore

G R (piw,)=G O (—p,i,)

1 | 1+wpp/E,)  1—(vpp/Ep)

2| ie,—E, io,+E, |’

(2.20)
and
a(l?l)((p’iwn)=@(lgl).(1’aiwn)

A

|11 2.21)
2E, |io,—E, io,+E,

(see, e.g., Ref. 23). .

The main part of the paper is devoted to calculating the
effect of the impurities on the total electron density p(x)
at position x, the gap A(x), and the change in the thermo-
dynamical potential . These quantities are given as fol-
lows:

p(x)=s 3 Guplx,x;7—>—0), (2.22)
a,B=L,R
and
A(x)=sgnGg; (x,x ;7— —0) , (2.23)

and
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FIG. 5. Typical ring diagram for the perturbation expansion
of the thermodynamical potential. The crosses represent the
electron impurity scattering process. Typical sections of the
ring diagrams are also shown.

T ’ 1 ’
80 = fo dT —F(Himp(T )) (2.24)
(see, e.g., Ref. 26).
The later expression can be rewritten by using Eqgs.

(2.16) and (2:17),

sa=s [ ar lim [Gar (0,0:7)+ Gra (0,07 . (2.29)
T—>
This simple form of the thermodynamical potential is due
to the fact that the interaction H;,, contains only two fer-
mion operators. Thus the present calculation of the ther-
modynamical potential corresponds to the summation of
the ring diagrams depicted in Fig. 5, where the lines con-
necting the crosses representing the interaction with the

|

G(O)
[G(0,0;ia),, )]aB= L

where

dlio,)=1—T(GIR+G

) =x'=0, io,

G(O)G(O)) =x'=0, w) . (3,3)

+THGRGY
The unperturbed Green’s function can be calculated by in-

tegrating Egs. (2.19), (2.20), and (2.21) with respect to the
momentum. Thus, one obtains

G{R(0,05iw,)=G}9(0,0; siwy,)

o,
= (@l 1ania Clen)s (3.4)

and

G1R(0,0iw,) =[G (0,0;i0,)]*

Ao ‘
=————¢%Clo,), 35
ZUF(wi +A%)1/2 y ( )

where

D

Clao,)= VR
(@5 +43)'72

—2-arctan (3.6)
T

which reproduce the results of Ref. 26 in the limit
D— 0.
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d(lw") GLR__T(G(O) RL_G(O)G(O))

impurities correspond to normal or anomalous Green’s
functions (G © ) Typical sections of the ring are also
shown in Fig. 5 The actual calculations of the quantities
presented here are the subject of the next section.

III. PERTURBATION THEORY
FOR THE ELECTRON DENSITY AND THE ORDER
PARAMETER AT THE IMPURITY SITE
AND FOR THE GROUND-STATE ENERGY

The first step is to consider the effect of the impurity
on the Green’s function. The Dyson equation for the
Green’s function (2.17) with interaction (2.16) can be
given in a matrix form,

Goplx,x"5iw, )= Gfﬁg)(x x"jiw,)

(3.1)

where for backward scattering ¢ is off-diagonal
t,5=T98, _s and summation is applied over the indices
occurring twice. The summation of the perturbation
series - can be carried out exactly, because only
G,p(0,0;iw, ) appears in the intermediate steps. The gen-
eral dependence of Gg(x,x';iw,) on x and x’, however,
cannot be given in a closed algebraic form. Thus we solve
first the case x =x'=0 and we use that result to calculate
00 by applying Eq. (2.25).

The solution of the Dyson equation (3.2) for
G5(0,0;iw, ) may be written in the following matrix:

+G (x,O iy )t,5Gsp(0,x"5i,) ,

G(O) T(GR G(O) (O)G(O))

GLL x=x'=0, iw, ’ 3.2)

In the calculations of the different physical quantities
at finite temperature, it would be a very difficult task to
perform the energy sums. Therefore, the present work is
restricted to the zero temperature case. In this case
(B— ) the sum is replaced by the integral as

_g__,

First we calculate three quantities which occur in Egs.
(2.22)—(2.25). Using Eq. (3.4), the well-known calculation
provides

[ do. (3.7

lim G2)(0,0;7)= lim j’llh dwe '"G2(0,0;iw)dw

7——0 7——0

__D _po
2rvp 2

(a=R,L), (3.8
where p, defined by Eq. (2.12) is the unrenormalized elec-
tron density which is not affected by the interaction lead-
ing to the formation of the CDW.

Cons1der1ng the difference 1lim,_,_([G,,(0,0,7)
—G(o (0,0,7)], one can set 7=0, as that quantity can be
transformed to an integral with respect to @ and the in-
tegrand behaves as w2 at large energies. Furthermore,
both quantities in the integrand are odd functions of w



[see Egs. (3.2)—(3.4)], so the result vanishes. Thus the im-
purity does not affect the quantity

Gaa(O,O;T—>—0)=% (@a=R,L). (3.9)

Turning to the anomalous Green’s function, a straight-
forward calculation leads to the identity
J

e iVJC((O )Ao T
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GLR(0,0;7— —0)=[G}2(0,0;7— —0)]*
P imj.AL I .&_ e ip
2mvpgs 2

where Egs. (3.5), (3.6), and (2.6) have been considered and
the amplitude p; of the CDW has been introduced [see
Eq. (2.13)]. The effect of the impurity on the anomalous
Green’s function is given by the following nontrivial in-
tegral, '

> (3.10)

_ 4 = C?
1 o (@ + A2 + 2vp (@)
GLr(0,0;7—> —0)= — [ do , 3.11)
27TUF 0 1 T Ao Clw) T 2C2 )
* UF s (Af+0?)!7? @ 2vp (@
I
which is obtained by inserting Egs. (3.3), (3.4), (3.5), and where
(3.6) into Eq. (3.2). ,
In order to carry out analytical calculations, the in- pn0)=s __EL:RGW(O’O’T_’”O)zsPO ’ (3.14)
tegrand in Eq. (3.11) is approximated by choosing the fol- a=n
lowing approximate form C,,,(w) instead of the function  and

C(w) given by Eq. (3.6)

1 for o < wy,
Cappl@)=12 D
7 (Aj+0)?

(3.12)
for o > wq,

where wy=2D /7, which reproduces C(w) exactly in the
limits of small and large w. C,p,(w) and C(w) are depict-
ed in Fig. 6 to give a good comparison.

The accuracy of this approximation will be checked in
two different ways: (i) by calculating certain limit analyt-
ically; (ii) by numerical integration of the integral in Eq.
(3.11).

Using the results derived above, different physical
quantities will be calculated.

(i) Electron density at the impurity site. The electron
density at x =0 given by Eq. (2.22) and it can be split into
two parts arising from the normal and anomalous Green’s
functions as

p(0)=p,(0)+p,(0), (3.13)

FIG. 6. C(w) function (solid line) and its approximation
C.ppl@) (dashed line) given by Eq. (3.12).

pa(0)=5[G1x(0,0,7— —0)+c.c.], (3.15)

where according to Eq. (3.9) the impurity affects only the
anomalous part p,(0), which can be calculated by using
Eq. (3.11). This is true only in the case of backward
scattering because the forward scattering results in a con--
tribution to G,,(0,0,7) which contains simultaneously
parts even and odd in the energy.

The phenomenon of interest is that the impurity pro-
duces Friedel oscillations in the absence of the CDW,
which hinders and modifies the formation of the Friedel
oscillations. Thus, first p,(0) is calculated without the
presence of the CDW. Using Egs. (3.11), (3.15), and (3.6),
one gets

(T /mvp)arctan®(D /w)
1+(T /mvg)arctan®(D /o)

2s ©
Pa0)=— o fo o,
(3.16)

which has been evaluated analytically in the limiting cases
of small and large couplings. The results are

pa(0)=—siﬁ—D—ln2 for | — | «1, (3.17)
TV Vg VR
and
D
Pa(0)=—sgn(T)s——= —sgn(T)sp, for |T|— o ,
TR
(3.18)

where in the second case only the large @ region contri-
butes to the integral. The more accurate asymptotic form
of p,(a) can be obtained by multiplying the right-hand
side of Eq. (3.18) by [1 —(4vp/7T)?].

Thus, by considering Egs. (3.13) and (3.18), one obtains
in the infinitely strong-coupling impurity case



2456

0 for T— + o,

spo for T— — o, (3.19)

P(O)—»
which means that the repulsive impurity pushes out all of
the electrons and the attractive one fills up the band com-
pletely at the impurity site. The actual value of the latter
result is sensitive to the form of the cutoff. The weak-
and strong-coupling regions are separated by a crossover
region of intermediate strength coupling | T /2vg | ~1.

The case of mutual presence of the impurity and the
CDW is more complicated. The integrand in Eq. (3.11)
will be approximated by inserting C,,,(®@) instead of
C(w), and then the calculation of p,(0) becomes straight-
forward. The result is

(0)= — Ao cos arctan4 1—(T /2vp)?
Pa TV ¢ A [1+(T/2UF)2]2
TD | arctanA4 1
— 22 ) (3.20)
T VF 4 1+(T /2vp)
where
2 , 1172
ﬂ'AO T 7TAO
|| 2D 20p | D T | 20, ;
(3.21)
4D
B=In i — 1272 arccos(?) , (3.22)
with
(T /vp)cos
= “—F““‘P? . (3.23)
1 +( T/2UF)

The validity of the approximation can be checked in the
limits as T—0and T—* 0.

As T—0 the present result can be compared with the
exact result of Eq. (3.17). The relative error is

[In(2/7)+1]/In(2DA;") which is about 0.1 for
D /Ay~ 100.

In the strong-pinning case, 7— * o, Eq. (3.20) pro-
vides

1
pa(0)=—posgn(T) |14+0 ‘F J ]
+ [ cospE agin |42 | 1o |-L (3.24)
¢T27T 0 Ter T3 ’ .

where the @-independent and ¢@-dependent parts are calcu-
lated in different orders in 1/T as T— + «. The terms
given here can be reproduced exactly using the original
form of the function C(w).

The comparison of the approximation given by Eq.
(3.20) with the numerical integration of the original in-
tegral in Eq. (3.11) shows that the error drops drastically
as T increases. Namely at T'=0 we have found an error
of 10%, at T /(2vgr)~2 the error is about 2%, and the re-
sult becomes exact as T— + 0.
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FIG. 7. Electron density at the impurity site is plotted
against the dimensionless scattering strength for three different
positions of the CDW. The details near zero coupling are en-
larged.

The dependence of p,(0) on the dimensionless strength
of the impurity coupling T /2vr is shown in Fig. 7 for
three different CDW positions (values of ¢). The findings
can be summarized as follows.

In the weak-coupling limit [|T/(2vg)| <<1], the
CDW is slightly deformed, thus there are only small
corrections to the cosine dependence of p,(0) on the CDW
position [according to Egs. (3.10) and (3.15),
Pa(0)=—pjcos(gp), see also Eq. (2.11)].

The crossover value of the coupling T .= +mwvpAy/gD
divides the two regions in which either the CDW or the
effect of the impurities dominates the charge density p(0)
at the impurity site. Considering the realistic case
D /Ay>>1, the crossover coupling strength T, is in the
weak-coupling region

Ty

— ==l
2UF ’

25D

as Ag/D~10"2and g ~0.1.

The intermediate-strength-coupling region | T/(2vr) |
~1 is dominated by the impurity effects at the impurity
site x =0. In this region the dependence of p,(0) on the
position of the CDW cannot be approximated by a simple
cose [in this region, ¢ as given by Eq. (3.23) is of the order
of unity and this results in a complicated ¢ dependence of

2 (0)].

g The strong-coupling region can be characterized by an
almost completely occupied or empty electron band at the
impurity site depending on the sign of the coupling [see
Eq. (3.19)]. This behavior is influenced very slightly by
the position of the CDW [see Eq. (3.24)]. In contrast to
the intermediate-strength-coupling case, the ¢ dependence
of p(0) is again simply cos(gp)-like.

(ii) 8Q thermodynamical potential due to the impurity.
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As the force exerted by the impurity on the CDW will be
calculated from 38Q /d¢, therefore, the main part of the
discussion is left to Sec. V. .

Using Eq. (2.25) for 8Q and the definition of p,(0) [Eq.
(3.15)], the thermodynamic potential 6£2 can be expressed
in terms of p,(0) as -

T
SUT)=s [ dT’'pa(0)|r . (3.25)
The most striking feature of 6 is that at large T,
SUT)=—s | T | po+O(T?), (3.26)

which follows from Eq. (3.18).

A more accurate expression can be derived by using Eq.
(3.11) and introducing C,y,(w) instead of C(w). The fi-
nal result can be obtained using Eq. (3.20),

4D TRQ mhg
50 =— ) A arctanAd — 2D arctan >D
A
_ 20 i |22 +(1—1%)"2arccos(t) — —
T ThAg 2

(3.27)
Concerning the accuracy of this expression, the discussion
following the similar expression for p,(0) [Eq. (3.20)]
holds.

It is interesting to note that in the large T limit the
term depending on the position of the CDW is indepen-
dent of T and that is proportional to —sgn(T)Aycosg,

: |
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which is a correction to the result given by Eq. (3.26).

(iii) Anomalous Green’s function at the impurity site.
The anomalous Green’s function at x =0 is given by
(3.11), where the time difference is 7— —O as in the order
parameter. In the absence of the impurity the anomalous
Green’s function Gy z(0,0;7— —O0) describes the oscillat-
ing charge density in the CDW,

1
Grr(0,0;7— —0)=*— pg= — Ploie
sg 2

The main point of the present work is that the impurity
induces the Friedel oscillations around the impurity which
is described also by the anomalous Green’s function. At
small coupling, Eq. (3.11) has a simple form,

(3.28)

GLr(0,0;r—>—0)=—prei*— | = |22 m2,  (3.29)
2UF T VR
and the CDW is only weakly perturbed.
In the case of infinitely strong coupling, the result
G (0,0;7— —0)= — —2—son(T) (3.30)
2mvp

is not affected by the CDW, but is determined by the
band cutoff D, which results in an upper limit for the os-
cillation amplitude just as in the case of the electron den-
sity p(0) at the impurity site [see Eq. (3.19)].

For an arbitrary coupling strength T the w-integral in
the expression Eq. (3.11) can be approximated by intro-
ducing C,pp(@), and the final expression is

TD arctanA 1

Ay ip| arctand B
e

lim Gpg(0,0,7)=—
¢—1>n—lo L ™) 2VE A

2A, B(T/2vp)?
—+ C
mop [14(T /2vp)*)?

0sQ .

14+(T /205 )?

27} A 1+(T /205 )?

(3.31)

This expression reflects again the competition between the impurity and CDW, as in the expressions (3.20) and (3.27) for

p(0) and 6.

The CDW order parameter modified by the impurity is defined as

A(x)= —‘gsGLR(x,X,T—» —0).

(3.32)

Using Eq. (3.30), the rate of the enhancement of the order parameter at the impurity site can be obtained for infinitely
strong coupling,

A(O) _ D D 1

I o S— 3.33
A, S ay 1815 R T n(@D /mAg) (3.33)

(T—>+ o).

Thus the enhancement can be on the order of 20, as D /Ay~ 100 and g ~0.1 for a typical CDW. The relative absolute
value | A(0)/A,| for arbitrary coupling strength is calculated using Egs. (3.31) and (3.32) and shown in Fig. 8 for three
different positions of the CDW. In the competition between the CDW and the Friedel oscillations, the crossover occurs
at the coupling strength 7', defined in the discussion of p(0). Depending on the relative position of the CDW and the
impurity and on the sign of the coupling 7, the interference between the CDW and Friedel oscillations may result in
enhancement or in destruction. If the position of the CDW is such that the contribution of the Friedel oscillations and
the CDW have the same amplitude but opposite signs a complete cancellation can occur, thus A(0)=0. This can happen
in the crossover-coupling region (T ~T). As | T, | /(2vr) <<1, in the intermediate-coupling region the Friedel oscilla-
tions always dominate. However, at the impurity site, | A(0) | /Ag>>1 and the effect of the impurity drops off very fast
inside the region of the CDW amplitude coherence length §,=vp/Aq (see Sec. IV). The phase ® of the perturbed order
parameter is also shown in Fig. 9 [A(0)=e'® | A(0) | ].
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IV. FRIEDEL OSCILLATIONS SUPERIMPOSED ON THE CDW

Until now, only the effect of the impurity at the impurity site has been studied. This section shows how the Friedel
oscillations around the impurity are superimposed on the CDW.

For this problem we need the unperturbed Green’s function G f,g;(x —x',iw,) at finite space argument. Considering
Egs. (2.19), (2.20), and (2.21), the momentum integrals can be performed and one obtains (see Ref. 26)

A A 3 a) x
GO (x,iw,)=6 O (—x,in,)= — —— | ——————— 4 sgn(x) |ex ———|—L(A2+a)2)’/2 , (4.1
RR n LL n ZUF ((l)ﬁ +A(2))1/2 g p vp 0 n )
and
A A AO X
G R (x,iw,)=G Y (xyiw,)=— —————5——ex _Ax L2 e2 ] 4.2)
LR n RL n 2op(@? + A2 p op 0T @p

These expressions are valid in the range | x | >>vp/D. At the atomic and at smaller distances (| x | <vg/D) the term
proportional to sgn(x) in Eq. (4.1) decreases sharply and tends to zero as x —0. Furthermore, at small distances, for
large energy w,, in addition to the decay factor exp[ — | x | ( Aj+w?2)"? /vp], another decay factor occurs in the expres-
sion for G L%(x,i ®, ), which is similar to the function C(w) introduced by Eq. (3.6). Due to the large symmetric momen-
tum cutoff po=D /vp (see Fig. 4), in addition to the Friedel oscillations another type of rapid oscillatory term occurs.
This term behaves as sin(pyx)/pox, which in contrast to the other terms at large distances | x | > &, does not contain the
exponential decay factor exp[ — | x | (A3+w,)!”?/vp]. This new term is a consequence of the sharpness of the momen-
tum cutoff. Choosing a more realistic smooth cutoff, these new terms disappear. Thus, they are considered unphysical
and will be dropped.

Using Egs. (4.1) and (4.2) the Dyson equation (3.1) can be solved for G,g(x,x,iw,) in a straightforward manner, and
the results are

Gur(x,x.10,) = GLROriw,)+ 7 e ~@expl —2| x | (A3+03)"/2/vy]
3

Ade¥? 202 — A}

X 7 , 4.3)
T AoClawy,) T
(Aj+02) |14+ —cosp——s—Fr—r — | CHw
o op ¥ (Aj+w2)'7? 2up n)
and
21+
1A 0)! 7
Oo /
‘ /
/
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/
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FIG. 8. Amplitude of the order parameter in A, units at the
impurity site is plotted as the function of the dimensionless FIG. 9: The phase of the order parameter is plotted as the
scattering strength for three different positions of the CDW. function of the CDW position for different values of the dimen-

The details of the curves near zero coupling are enlarged. sionless scattering strength.
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) AT
Gy (x,%,iw,)=G3(0,iw,)— —Z—OTsin(pexp[—Z |x | (A34+02)2/vp]
VF

1

X

(A(2)+a)f, )1/2
UF

1+ lcoscp

5 : (4.4)

AC
0 (@) Cz(a)n)

T
—+ ER—
(A3+w,)'? 2vp

Turning again to the zero temperature case, most of the integrals with respect to w can be performed and one obtains for

| x | >vp/D
Grr(x,x,7— —0)= — Ao e ~iOx —-l—ei"’+t0 K, 2% |k, 22X
LRSS 2mvp gs ! 8o 0 8o
. « exp[ —2xcosh(y /&p)]
2 ip
t — , 4.
~+ cosg(tocosp—e’?) fo coshy 11 d (4.5)
and
Ay x w exp[ —2xcosh(y /&p)]
Gre (x,%,7—> = 0)= — 5—=singto | Ko 25| A ooty £t 4.6)

where K, and K are the modified Bessel functions and

to=t | L. S @.7)
® 14+(T /205 )?

and where ¢ is given by Eq. (3.23). In the following we
will use the expansions Kjy(x)=~ —In(x/2) and K(x)
~1/x for x << 1, and the fact that the integral occurring
in the expressions above is nonsingular as x —0.

The electron density can be obtained by inserting Egs.
(4.6) and (4.7) into Eq. (2.22), and one gets the following
expression for the perturbation of the CDW

(o) to cos(Qx)

plx)—p i (x)=s r |x | for vp/D << | x | <<&o

(4.8)

where only the most singular term in the variable x is
kept, corresponding to the well-known Friedel oscillations
around the impurity. It is interesting to note that accord-
ing to Eq. (4.8) the charge density around the impurity
| x | <<&o is just the sum of the contributions corre-
sponding to the CDW and to the Friedel oscillations. It
can be seen from Egs. (4.5) and (4.6) that there are further
interference terms proportional to #yA,, but they are less
singular in x at small distances. For intermediate
strength couplings at small distances, the Friedel oscilla-
tions dominate the CDW. Their amplitudes become com-
parable at a crossover distance xo=£&yt085 /2. Beyond
this distance, the CDW has the larger amplitude. Furth-
ermore, at distances outside of the coherence length
| x | > &p, the Friedel oscillations cannot be formed, be-
cause, in the case of the free-electron gas, at such dis-
tances the Friedel oscillations that builds up of electron-
hole pairs with energies smaller than the gap A, which
are not available in the presence of the CDW. Thus the
Friedel oscillations penetrate into the region | x | > &, by
tunneling, which is manifested by the exponential decay
of the modified Bessel functions for large arguments.

It is interesting to mention that the amplitude of the
Friedel oscillations as a function of the coupling T has a

I
maximum at | T/2vg | =1 (tg=1). Thus for larger cou-
pling, it decreases. This is special for our model, where
only the backward scattering is taken into account. In the
present case, the effective coupling #p—0 as T—+t « in
contrast to the more physical model with both forward
and backward scattering where resonant scattering with
phase shift /2 corresponds to the infinitely strong cou-
pling.

The CDW order parameter A(x) modified by the pres-
ence of an impurity can be obtained by inserting Eq. (4.5)
into Eq. (3.32) and one obtains

—iQx
A(x)=Acpe —i(Qx—¢)+s_v£:g\te Q ,
2 x
which is valid in the interval vy /D < | x | <&p. The func-
tion A(x) has a zero at x = tx, but only for special posi-
tions of the CDW, namely, at ¢ = for T'>0 and at ¢=0
for T <O.

4.9

V. DENSITY OF STATES AND BOUND STATES

The interaction of the electrons with the impurity
modifies the electronic density of states. Furthermore, as
has first been pointed out by Gor’kov and Dorokhov,?
bound states may appear in the CDW gap localized
around the impurity. Recently, Noziéres®® called the at-
tention to the appearance of a bound pair of states above
and below the conduction band.

A. Density of states

The electron density of states at position x is given by

1 .
. —_ —_ 1
plx;@) T iw"—->lrar>l+i

alm(GRR +Grr +Gre +GLR )xsi0, -

(5.1

In the case of no impurity, the density of states is of the
BCS type, and can be obtained by inserting Eqgs. (3.4) and
(3.5) into (5.1), and the result is
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1 |o+Agcos(Ox —g) |
pOx;0)= | mvp (0*— A2
0 if | () | < AO’

where there is a (@?

if D> |o| > A

(5.2)

—A(z))“l/ 2 singularity at the edge of the gap.

In the presence of the impurity, the density of states is obtained at the impurity site by considering Eqgs. (3.2)—(3.5)

and Eq. (5.1)

Agcosp+iw, N TC
(Aj+w)? 7 20p

1 .
O;w)=—— 1lim Im
PO TVF iw,—o+id T ApCcosp
1+ 2 a2z T
r (0, +Ap)

As we are interested in the region || <<D, we may take C(w)=

| w | > Ap by analytical continuation is

C
2v F

(5.3

1 [see Eq. (3.6)]. The final form obtained for

64 Agposg 1—(T /2vp)?
14+ (T /2v5)?
pOw)= p— 3 o Aot T - (5.4)
1+ Son o (0*—Ap) 1+ |—(w2—A(2))1/2 ‘ ]

The main new feature of this result is that the density of states is rounded in the region

p(0;0) ~(0?

|w| >Ap as

—A})!72. At the points =+ A, of the previous singularities p(0; | @ | =A,) becomes zero (see Fig. 10). This

formula shows also that in the case of no CDW the density of states near the Fermi level | @ | <<D is always suppressed
by the impurity as p(0,0)~[1+4(T/2vp)*]~!. That is a consequence of the formation of the bound state outside the con-
duction band, which will be discussed at the end of this section.

B. Bound states in the gap

Using Eq. (5.3), the density of states in the gap is obtained by analytical continuation,

po= e

for |w| <Ay, where the energy of the bound state w is
wo=Ag(1—12)172

and the strength of the pole is

_pBo 1]

(5.5)

T 0 14(T /205

The pair of bound states is obtained only if the perturba-
tion of the electron gas by the impurity is out of phase
with the unperturbed CDW (T cosp <0). The positions
of these bound states are symmetric with respect to the
Fermi level, but their weights are different. For weak
coupling | T/2vp| <<1, the binding energy goes as
wo~t~? and Z, ~t. In the special case t = —1 the two
bound states collapse and they are at the Fermi level
wo=0. For even stronger coupling, the energy of the
bound state wg goes to the continuum again which might
be a special consequence of the backscattering. The ex-
pression in the large parentheses on the right-hand side of
Eq. (5.7) is always less than unity, thus

Z,.<2 ———J—|—2 1 (5.8)
U (T 208 &0

where the BCS length is introduced.

1, [1—(T /2vp)*]cosp
T 2{[1—(T /205 P+ (T /vp)sing]?} 12

(5.7

The extension of the wave function of the bound state
in the real space is estimated by studying the density of

' states in the gap far from the impurity using Egs. (4.3)

and (4.4). The dependence on x arises from the exponen-
tial factor, which after analytical continuation has the
form

exp[—2 | x [(A2—wd)?/vp]l=exp(—2|x | |1 | /&) ,

where ¢ is given by Eq. (3.23), and &, is introduced and
Eq. (5.6) is taken into account. Thus the size of the
bound-state wave function is ro=£&y/ |t |, which is larger
than the BCS length &, as |¢]| <1. This result is
coherent with the weight factor Z, of the bound state at
x =0, as the amplitude of the wave function at x =0 is
inversely proportional to the size of the state [compare
with Eq. (5.8)].
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FIG. 10. Energy dependence of the density of states at the
impurity site at ¢ =37/4 for a typical value of the impurity-
scattering strength T /2vp=0.5 (solid line). A pair of bound
states is indicated by the vertical lines at energies wo= +0.82A,.
Without impurity, the dashed line shows the BCS-type singular-
ity at energies w=tA,.

C. Bound state outside the conduction band

Nozieres?® pointed out the existence of a pair of bound
states which occur for arbitrary values of the coupling
strength. For weak coupling these bound states are just
near the conduction band, and therefore their behavior is
sensitive to the band and the cutoff chosen. The more
striking limit is the strong-coupling case, where our result
must be independent of the detailed features of the model,
because the binding energy can be large compared with
the bandwidth. The energy of the bound state @ is deter-
mined from Eq. (5.3) at the point x =0, and using either
the approximation Clw,)~(2/7)D/w,) or Clw)
=i(2/m)(D/w) [see Eq. (3.6)]. There are two bound
states with energy +a&,, where

Ity

Vp | T

wo= (5.9

In the case T— — o (T— o) the density of states out-
side the conduction band is large only below (above) the
Fermi level; thus, e.g., for T/(2vg) << —1,

p(050 < (—D)) =28+ | TD /mvp|) .
VR

Furthermore, according to Eq. (5.4) the density of states
in the conduction band disappears in the large-7 limit
(T—* ). Thus, in the limit T— o (T— — «) at the
impurity site, all of the density is concentrated in the very
high- (low-) lying bound state, which is unoccupied (occu-
pied) and gives the total electron density at the impurity
site given by Eq. (3.19). In this consideration, the correct
analytical continuation of (A3+w?2)'/? is important when
Eq. (5.3) is evaluated. It can be shown that these bound
states are mainly localized on the impurity site [see Eqgs.
(4.3) and (4.4)]. Finally, the interaction energy 8 given
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by Eq. (3.26) is exactly the energy of the bound state @,
which can be seen by comparing Eq. (5.9) with Eq. (2.12).

VI. PINNING FORCE

The interaction between the CDW and the impurities
results in a force acting on the CDW. The force depends
on the positions of  the impurities relative to the CDW.
As far as the CDW position can be characterized by only
a single phase @, the force depends on the quantities
OR;, —p=¢; —@, where i labels the impurity with posi-
tion R; and ¢; =QR;. The position of the CDW can be
characterized by a single phase ¢ only if the size of the
CDW considered is smaller than the Lee and Rice’ phase
coherence length §.;, which is much larger than the BCS
amplitude-coherence length (in the case of the weak pin-
ning £, >>&p as §on> 10~* cm and &,>10~° cm), but
they are comparable in the case of strong pinning. As we
have seen in the previous section, each impurity deforms
the CDW well inside the range of the length &, If the
distances between the impurities are smaller than &, then
the forces exerted by the impurities are not additive, be-
cause the Friedel oscillation-type deformations overlap,
and interference terms appear in the energy. In this case
clusters of impurities: must be considered. In order to
avoid these difficulties, only a single impurity will be con-
sidered. If the CDW were completely rigid, then the force
would be proportional to sin(g; —¢).>® In the real case,
however, the CDW is deformed around the impurity.
Therefore, the simple sinusoidal dependence might be
strongly modified. For the sake of simplicity, the impuri-
ty is considered with position X =0, thus ¢; =0.

The pinning force can be defined in two different ways.

(i) Thermodynamical perturbation theory has been used
in Sec. III to calculate the interaction energy Q(¢@) be-
tween the CDW and the impurity [see Eq. (3.27)]. The
force can be defined as the derivative of this energy Q(¢)
with respect to the position of the CDW, thus

a0

9
where Q is the proportionality factor between the position
and the phase.

(ii) By using time-dependent perturbation theory based
on adiabatic switching the force can be defined as the rate

of the change of the momentum P carried by the electrons
due to the impurity

’ (6.1)

Fth=

aP
Fy={—
ad < ot > ) (62)
where the total momentum P of the electrons is
P="T kajay . (6.3)
k

This expression can be simplified essentially by assuming

that the electron gas is perturbed only in the vicinity of -

the Fermi energy. Thus, in this case,
Papp=%‘(NR —NL) (64)

is a very good approximation for P and is widely used in
the case of a one-dimensional electron gas.
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In this section we consider the first definition and in
Appendix B show the equivalence of the two definitions
discussed above, where complete agreement has been
found by calculating the second and third orders in per-
turbation theory. This complete equivalence, however, is
somewhat surprising, as P,,, rather than the exact defini-
tion (6.3) but has been used for the total momentum P. In
order to clarify this point, we also show that for the
thermal average of 0P, /3¢, the identity

aPapp a
< ot >th_ -0 dp (6-5)

holds to all orders in perturbation theory. This result
strongly indicates that in the backscattering model, the
application of the approximate form P, leads to exact
results.

In the following, after proving the identity (6.5), the ac-
tual expression of the force is calculated by using the first
definition.

The operator dP,,,/dt is calculated by using the Ham-
iltonian (2.16), and one obtains

app

T

L TUTTE AND A. ZAWADOWSKI 32

aPapp . _ + U
o1 = —i(PH)=QT[Yx(0)Y(0)—yr (0)p(0)],
(6.6)

which is similar to the accelerator operator introduced by
Barnes and Zawadowski.'!> The thermal average of this
expression can be given in terms of the anomalous Green’s
function (see Sec. III) and the result is

P,
(T} —i05161a(0.0,7—~0)~ G (0,0,7— 0],
th

6.7)

where the spin degeneracy is also taken into account. On
the other hand, 3€2/3d¢ can be calculated on the basis of
Eq. (2.25) of Q. Inserting the expressions (3.2) and (3.3)
the integral with respect to 7" can be performed exactly in
Eq. (2.25), which yields the right-hand side of Eq. (6.7).
Thus (6.5) holds.

The pinning force Fy, given by Eq. (6.1) can be calcu-
lated by using the expression (3.11) for , and one obtains

C(w)Ao( A+ w?) 172

[s10) . ®
Fth=—Q¥=—-sQ sing fo do

TVR

14+(T /vp)cos@pC (0)Ag( A3+ w?) ™12 (T /205 )*CHw)

(6.8)

where the function C(w) is defined by Eq. (3.6). The integral with respect to @ can be carried out in the weak- and the

strong-coupling limits, and the results are

A
—Q——Oisincp if |—/— |«1,
o UFg 2UF
Fth:
OsAgsingsgn(T) if |— |>>1.
ZUF

(6.9)

(6.10)

In both cases, the pinning force shows a sinusoidal sing dependence on the position ¢ of the CDW. This form is strong-
ly modified in the intermediate strength coupling region. In order to show that, the function C(w) is approximated by
Capp(@) as given by Eq. (3.12), and the integral can be performed. The result is

arctanA

(6.11)

1 4D t (
r n By — (1_12)172 arccos(t)
Fip=—0sAp sing )
TUE T
1+ | —
2UF

where the notations are introduced in Sec. III and the er-
ror due to the approximation in C(w) has also been dis-
cussed there. The dependence of the force on the coupling
strength T is shown for three different values of ¢ in Fig.
11. The dependence on ¢ is clearly not sinusoidal, as the
force for ¢ =m/6 is different for ¢ and w—¢ as is shown
in Fig. 11. The deviation from the sinusoidal form is the
largest around the coupling strength | T/2vg | ~1, where
the amplitude of the force shows a maximum. The posi-
tion dependence of the force is shown in Fig. 12 for an in-
termediate coupling 7' /2vp ~0.9.

The origin of the large deviation from the sinusoidal
form can be traced back by noticing that the denominator
of the integrand in Eq. (6.8) has a zero at =0 for the pa-
rameter values T/2vp=1 (T/2vp=—1), ¢p=7 (¢=0)

A ’

and the integral becomes divergent. In the region around
these parameter values the integral is anomalously large.

Finally, we comment on the position dependence of the
force Fy,(@) and the potential Q{(¢p). In the intermediate-
strength-coupling region 7T /2vg~1, the force is linear
around the stable equilibrium position ¢ =0 of the CDW.
The interval in which the force is linear (see Fig. 12) or
the potential is quadratic (see Fig. 13) is larger than in the
case of a sinusoidal potential. Thus the renormalized po-
tential has a stronger resemblance to a periodic quadratic
potential than to the sinusoidal potential. Furthermore,
the top region at the maximum is narrower. For negative
coupling T /2vp~ —1, the stable equilibrium position is
at ¢ =+, but the main features are unchanged.
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3T
2ve
FIG. 11. Dependence of the force on the dimensionless
impurity-scattering strength at three different positions of the
CDW. The difference between the curves for ¢=7/6 and
@=51/6 demonstrates the anharmonic feature of the thermo-
dynamical potential.

VII. CLASSICAL EQUATION OF MOTION
WITH A DEFORMABLE CDW

In this section we generalize the classical model for the
motion of the CDW. In the original model, the CDW
was treated as a classical object and its position was
characterized by a single coordinate x =Q ~!¢. This ob-
ject was moving in a periodic potential with periodicity
A=27Q !, which was representing the interaction be-
tween the CDW and the impurities. As the phase of the
CDW can be deformed, however, only a domain of size of
the phase coherence length £, can be described by the
classical model. In this case the potential arises.from the
impurities in such a domain. If the number of the impur-
ities in the domain is very large, there is a large destruc-
tive interference among the forces exerted by the impuri-
ties, as a homogeneous average over the impurity posi-
tions leads to complete cancellation. Thus, only the fluc-
tuations in the impurity positions are responsible for a

1288
VT
2,

-2

FIG. 12. The dependence of the force as the function of the
CDW position at a typical value of the coupling strength
T/ ZUF=0.9.
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FIG. 13. Effective potential (solid line) acting on the CDW is
plotted as the function of the CDW position at a typical value of
the coupling strength 7' /2vr=0.9. For comparison a quadratic
(dotted-dashed line) and a sinusoidal (dashed line) potential fit-
ted to the effective potential at ¢ =0 are also shown.

finite force. The position of the potential in real space is
determined by the phase @;=QR; of those impurities,
which corresponds to the largest fluctuation in the distri-
bution of the impurity phases ¢;. The resulting force is
similar to one due to a single impurity, but the amplitude
is proportional to the amplitude of the fluctuations in the
impurity phases, thus it is proportional to N iln/lg, where
Nimp is the number of impurities in a domain. In the
original classical model the periodic potential was either
sinusoidal or parabolic. In the present case according to

" the discussion at the end of Sec. VI and Fig. 13, the shape

of the potential is strongly perturbed by the interaction,
and it is between a sinusoidal and and quadratic one.

The classical equation of motion for a domain can be
written as®>®

m*——>4y——=—eNE+F, (7.1)
dt
where m* is related to the Frohlich mass, x is the coordi-
nate x =¢/Q, v is the damping, E is the electric field, N
is the number of electrons in the domain, and F is propor-
tional to. the force -calculated in Sec. VI, thus
F=—aQ(3Q/3¢), where a is a proportionality factor
depending on the impurity distribution, etc. Assuming
that the motion of the CDW is overdamped the inertia
term is dropped in most of the works. In this case the
equation of motion for the phase is

7 =¢ y Ne ” aQ o (7.2)

In the weak- and strong-coupling cases, the force is
sinusoidal in a fairly good approximation [see Egs. (6.9)
and (6.10)], thus

F=—aQAysing , (7.3)
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where § is the following parameter:

T if T
2UF

A
TVRE

«<1,

6= (7.4)

sgn(T)s if AT >1,
2vp

and for the sake of brevity, the equilibrium position deter-
mined by the impurity distribution is taken to be at ¢ =0.
The solution of Eq. (7.2) with the force (7.3) is

2 2
dp __eNO ETZBT o g 7.5
dt v E —Ercos(wgt) nE>srs @.5)
where
_A Qo '
Er=A, N | 8] (7.6)

is the threshold field above which periodic motion exists
and the frequency w, corresponds to the periodicity of the
motion of the classical object,
2

—1

o QeN 172
0 y T

E

Er

(7.7)

As it has been shown previously,”®?° the motion in the

periodic potential becomes very strongly anharmonic as
the electric field approaches the threshold field Ey. The
Fourier expansion of the solution of Eq. (7.3) is?®

-‘i’izlo-q- >, I,cos(nwgt) (7.8)
dt n=1 .
where
2 1/2\n
__en o oun| E || E |
I,= 7/(E E7) [ET E, 1] ]
(7.9)

The ratio of the subsequent harmonics I, /I, is a
measurable quantity and the present model gives

172
Liyi  E e |7

2T = — | —1

= E,

(7.10)
I, Er

for the weak- and strong-coupling limits.

Considering the intermediate-strength-coupling region
around T /2vp~ 1, the equation of motion (7.2) cannot be
solved by analytical methods. Using the numerical solu-
tion of that equation the Fourier coefficients can be deter-
mined numerically. The ratios of the subsequent harmon-
ics are shown as a function of n for different CDW
current in Fig. 14. It turns out that the character of the
solutions in the intermediate-strength-coupling region
T/2vp~1 is not very different from the weak- and
strong-coupling results, in spite of the strong anharmoni-
city characterizing the pinning force. The only significant
difference is in the frequency spectra of the ratios of the
subsequent harmonics, which is no longer independent of
n, as is indicated by Eq. (7.10), and they are enhanced at
larger electronic fields. This enhancement does not mean,
however, that the intensity of higher harmonics could
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FIG. 14. Ratio of the intensity of the subsequent harmonics
in the narrow band noise I, /I, is plotted as the function of n
for different values of the CDW current i, (circles), 3i,
(crosses), and 5i, (triangles), where i, is an arbitrarily chosen
current flow using an electric field just above the threshold field
E;. The value of the dimensionless coupling strength is
T /2vp=0.8.

exceed the intensity of the first one. The temperature
dependence of these ratios will be shortly discussed in the
Conclusion.

VIII. CONCLUSION

Bardeen!! has pointed out that quantum phenomena
might play an important role in the dynamics of sliding
CDW. The subject of the present paper is the quantum
corrections to the distortion of the CDW around a single
impurity, thus all the terms of the perturbation series in
the backward scattering by an impurity are summed up.
The results obtained have been interpreted as a competi-
tion between the CDW and the Friedel oscillations formed
around an impurity. These calculations are the extension
to all orders in the perturbation series of the previous re-
sults derived by Barnes and Zawadowski,'® using the anal-
ogy with the Josephson junction. The results presented
here reproduce those obtained previously in second order
perturbation theory.

The scheme of the present paper is that the interaction
leading to the formation of the CDW is treated in the
mean-field approximation, which is at first taken as in the
absence of the impurity. This approximation is checked
in Appendix C. There it is shown that the renormaliza-
tion of the mean field by the impurity is equivalent to the
adjustment of the impurity potential by approximately
10%. Thus the qualitative features of the present results
are not altered.

The method applied is the equilibrium thermodynamic
Green’s function technique. For comparison the time-
dependent perturbation theory is also used, with adiabatic
switching of the impurity potential as has been done in
the previous work.!> The equivalence of these two
methods is checked in the first three orders of perturba-
tion theory.

In the model treated here, the electrons are strictly one
dimensional and have linear dispersions. The latter re-
striction does not affect the results essentially. Further-



more, in the impurity scattering, only the backward
scattering is kept. In a realistic case the forward scatter-
ing is also important. The role of the forward scattering
is under study and that will be presented elsewhere.*°

The calculations are performed at zero temperature to
keep the calculations as simple as possible. The previous
calculation based on the singularity to the Josephson junc-
tion has been carried out, for arbitrary temperature how-
ever.!3 The CDW acceleration due to the impurity ob-
tained previously goes to zero faster than the CDW ener-
gy gap in second order in the perturbation. These results
indicate that all of the higher-order corrections tend to
zero faster than the first order classical term as the tem-
perature approaches the CDW critical temperature T,.
Thus, in the vicinity of T, the classical theory is correct.
It is worthwhile to mention the well-known result that the
size of the Lee-Rice domain inside which the phase of the
CDW is coherent, becomes infinitely large as the critical
temperature is approached.

The one-dimensional (1D) nature of the model treated
here does not affect most of our results as far as the phase
of the CDW is slowly varying outside the region of the
Friedel oscillations. Considering, e.g., the charge density
at the impurity site, the Green’s function G (0,0;iw,) with
space coordinates taken at the impurity site occurs, which
is not very sensitive to the 1D nature. The Friedel oscilla-
tions and, especially, their extension in the perpendicular
direction are very sensitive to the three-dimensional (3D)
character. The region where the Friedel oscillations dom-
inate the CDW has a cigar shape. The situation is, how-
ever, completely different in the case of a very strong im-
purity. In the strictly 1D case, the impurity divides the
CDW into two parts and the phases of these parts are ar-
bitrary on the two sides of the impurity. The electron can
pass the impurity only by tunneling. Furthermore, the
tunneling of an electron-hole pair through the barrier cou-
ples the two CDW’s on different sides and there is a cou-
pling energy similar to the case of Josephson junctions.
The situation is very different in 3D, because a single im-
purity cannot divide the CDW into two pieces, thus that
can only distort the CDW strongly around the impurity.

All of our results are expressed in terms of the dimen-

sionless backscattering strength 7T /2vy. Taking a square-
like potential barrier with height V and thickness d
(atomic distance <d <§&g) the order of magnitude of the
backscattering amplitude can be estimated as T ~ Vd, thus
T /2vp~#"'Vd /vp ~V/D. Thus the weak- and strong-
coupling terminologies are very close to those used by Lee
and Rice.?

Our results concerning the Friedel oscillations superim-
posed on the CDW can be summarized as follows.

(1) f | T/2vfp| <<1, the CDW is only weakly per-
turbed.

(2) If | T/2vp | <107, the Friedel oscillations have a
larger amplitude at the impurity site than the amplitude
of the CDW. Furthermore, the phase of the oscillations
around the impurity is locked to the impurity.

(3) If | T/2vfr | ~1, the Friedel oscillations even affect
states at the band edges.

(4) If | T/2vg | >>1, the top of the Fnedel oscillations
is chopped off at the band cutoff.
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In the realistic cases | T/2vp | is not extremely weak;
nor is it likely to be larger than - unity. Thus,
| T/2vf | ~0.1—1.

The effect of the impurity on the density of states at the
impurity site is to destroy the singularity at the edge of
the gap, making it smoothly rounded as is shown in Sec.
V. If the Friedel oscillations are out of phase relative to
the CDW, then a pair of bound states occurs in the gap.
In the strong-impurity case, the CDW is strongly de-
formed® and the Friedel oscillations are never out of
phase. Thus the bound states are not formed. In the case
of weak impurities, the relative 'impurity phase

=QR;—@ is a random variable and the energies of the
bound states depend on the position of the impurity rela-
tive to the CDW. Considering the density of states at the
impurity sites if the average is taken over the impurity
phase @;, then one finds that some parts of the gap near to
the gap edges are filled with states. As the extension of
the bound states in real space is at least the amplitude
coherence length £, we predict that the gap edges are
smeared out if the averaged impurity distance is compar-
able to or smaller than the coherence length &,. That
must be seen in the optical or tunneling experiments.>
The bound states happen to be very similar to the two
proton bound states with zero total momentum in super-
fluid He,.3!

Outside the conduction band another pair of the bound
states always occurs for arbitrary coupling 7. If the cou-
pling is weak | T/2vr| <<1, then these states are sensi-
tive to the details of the band structure near to the energy
cutoff. In contrast to the bound states in the gap, these
bound states are well localized around the impurity site as
their binding energy is large. The existence of these
bound states is independent of the details, however, e.g.,
the bound states exist for a tight-binding band with even
larger binding energy.*°

The Friedel oscillations are formed well above the
CDW transition temperature. The occurrence of the gap
below T, appears as a cutoff in the long-distance tail of
the Friedel oscillations at distances greater than the am-
plitude coherence length £,. As the gap increases, the
Friedel oscillations become more localized in real space.
Furthermore, it is shown [see Eq. (4.8)] that to a good ap-
proximation, inside the amplitude coherence length, the
Friedel oscillations and the CDW are only superimposed.
The crossover distance x,, where the Friedel oscillations
and the CDW have comparable amplitudes, is approx1-
mately xo <107 !£, for a realistic case.

The NMR and x- ray scattering are the appropriate
tools to study the Friedel oscillations. In principle, the
Friedel oscillations appear as a short-range order in the
x- ray diffraction pattern. In the case of magnetic impuri-
ties,”! these oscillations are momentarily magnetically po-
larized. Thus they must show up in the magnetic form
factor of the impurity, which can be studied by incoherent
neutron scattering.

The force exerted by the impurity is calculated as the
derivative of the interaction energy with respect to the
CDW position [see Eq. (6.1)]. On the other hand, Barnes
and Zawadowski have calculated the acceleration of the
CDW using a time-dependent technique.!* The results
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obtained by these two different techniques are compared
in Sec. VI and Appendix B, and through the first three or-
ders of perturbation theory, complete agreement is found.
Concerning the force F, the main result is that it depends
on the CDW position approximately in a sinusoidal form,
and strong deviation from that occurs only in the range
I T/ 2!)1:' | ~1.

The deviation from the sinusoidal form of the force has
observable consequences when dc and ac voltages
[V=Vy+V;sin(wt)] are applied simultaneously to the
sample. Varying the dc voltage V), causes the frequency
wy(Vy) of the generated narrow band noise changes also.
At the voltages V, for which the ratio of the generated
narrow-band noise frequencies to the frequencies o of the
applied ac voltage is a rational number, so called Shapiro
steps”3%33 occur in the dc current as a function of the dc
voltage V. Theoretically, if the equation of motion given
by Eq. (7.2) is overdamped and the force is sinusoidal,
then the Shapiro steps occur only at harmonics and not at
subharmonics.>* As is shown in Sec. VI the force is never
exactly sinusoidal. Therefore, the subharmonics must ap-
pear, in agreement with the experiments.3?3%36

Concerning the generated narrow-band noise discussed
in Sec. VII our results and their consequences can be sum-
marized as follows.

The first harmonic with the so-called washboard fre-
quency @, predicted by the classical theory, must always
be present.

There are contributions to the harmonics of higher or-
der due to the anharmonicity of the effective potential de-
rived in Sec. VL

Approaching the critical temperature of the CDW the
contributions to the harmonics of higher order arising
from the anharmonicity of the effective potential gradual-
ly disappear and near to the transition temperature the
model with the sinusoidal potential becomes more accu-
rate. In this case, the ratios of the intensities of the har-
monics are given by Eq. (7.10).

In the case of backscattering and single impurities in
the range of the BCS coherence length, the intensities of
the harmonics are gradually decreasing with increasing n
Iy > 1, 41).

The case with several impurities inside the BCS coher-
ence length is not considered, but it is very likely that it
does not change the main behavior described above.

The forward scattering however, plays, an important
role, and preliminary studies shows that the effective po-
tential may be further modified and in some special cases
the second harmonic might be larger than the first.>

Magnetic impurities due to the exchange coupling with
the conduction electrons contribute to the intensity of
higher harmonics, but not to the first one.?!

There has been some speculation concerning experimen-
tal data that the lowest observable harmonics might have
the frequency twice the washboard frequency w=2w,."°
This speculation is not supported by the present study. In
the case of (TaSe,),I, however, the intensity of the second
harmonic I, exceeds the intensity of the first I; at low
temperature. Furthermore, as the critical temperature is
approached, the intensity of the second harmonic 7, de-
creases faster than that of the first I;, and the first be-
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comes the largest.’” This behavior is consistent with the
assumption that the large second harmonic contains quan-
tum correction and that may be due to magnetic impuri-
ties or due to the presence of forward scattering. In our
opinion it would be worthwhile to carry out further exper-
iments in these directions, especially with magnetic im-
purities.

Summarizing the applicability of the present theory, the
basic condition is that the CDW phase varies slowly in the
Lee-Rice’ domain and stronger phase deformations occur
only in the immediate vicinities of the impurities. In this
case the amplitude of the CDW order parameter is almost
unperturbed except by the Friedel oscillations around the
impurity. Under this condition the classical deformable
CDW theory developed by Efetov and Larkin® and by
Fukuyama, Lee, and Rice’ can be applied on the length
scale larger than the amplitude coherence length &, but in
order to take into account the effect of Friedel oscillations
around the impurities, an effective potential must be in-
troduced for the impurity-CDW interaction in the
Ginzburg-Landau equation. However, if the phase of the
CDW changes rapidly near to the impurity but outside
the region of the Friedel oscillations x > x(, then the am-
plitude of the CDW must be reduced substantially around
the impurity. For example, if the phase of the CDW were
opposite on the two sides of the impurity just outside the
region of the Friedel oscillations (xy <x <&p), then the
CDW amplitude would vanish at the impurity site. This
phenomenon is related to the ideas of Gor’kov!'® and of
Ong, Verma, and Maki,'® where phase-slip centers or vor-
tices are discussed, and in an intermediate region the nor-
mal phase is formed.
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APPENDIX A

In Appendix B the time-dependent perturbation theory
with adiabatic switching will be applied. The correlation
functions appearing could be expressed in terms of
Green’s functions with several time arguments, but their
analytical properties had to be taken carefully into ac-
count. In order to avoid these difficulties, the correlation
functions will be calculated directly using the explicit
form of the ground-state wave function. The ground-state



wave function |0) is given in a form similar to the BCS
wave function and the electron creation and annihilation
operators will be expressed by quasiparticle operators of
Bogolyubov type. In this appendix, the ground-state wave
functions and the quasiparticle operators for the CDW
will be listed.

The CDW is considered in mean-field approximation
given by Egs. (2.2) and (2.3). The Hamiltonian can be di-
agonalized by introducing the following quasiparticle
operators,

ip ip -
A _go=Ue La;io—f—uke Ra,I+Q’a, (A1)
and
ipr

— —igpp
Bro=ure Qo —Vke k40,0 (A2)

where u; and vy are real and satisfy the identity
U o +vig=1. (A3)

@r and @, are the phases of gauge transformation given
by Eq. (2.10) and the momentum k runs over the left-
hand side of the momentum space —2ky <k <0. For the
quasiparticle operators a_ , and By ,, the Fermi commu-
tation relations holds.

The diagonalized form of the Hamiltonian (2.2) is

Hepw= S EK) Bl oBro+a kod_ro+1), (Ad)
k,o

where the quasiparticle energy is

. 21172
—€
E(k)= |Af+ | =2 , (A5)
and u; and v; are defined as
1 € —€ 12
_ |1, fr—€k+g
and
) e 172
k—C%+Q
= | — 1 —_—
Uk 2 + 2E (%) , (A7)

and in case of linear dispersion €,=(|k | —kg)vg the
term €;—e€x,o has a simpler form 2vgp where
k=—Q/2+p.

The ground-state wave function _|0) has the following
simple form

10)= [T a_«|0), (A8)
k (<0)

where |0) is the vacuum state. This ground-state wave
function describes the free CDW by the build-in phase
coherence between the states with momenta p +Q /2 and
p —Q/2, furthermore, these state cannot be occupied
simultaneously in the ground state.

The actions of the quasiparticle operators on the
ground state are

a_jo|0)=PB,|0)=0, (A9)
aliolO= I a_xol0), (A10)
k' (<0),0
k's£k
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and
ilpr +@gr)
B'}t,a | O)=e LTYR alI,aaII+Q,a H a_i'o l O) .
k' (<0),0
k'£k

(A11)

Finally, the expectation value of the electron density
operator p(x)= ¢:r,(x)l/f,,(x) in the ground state is

pVx)=s I (uf +v2)+2s >, upvrcos(Ox —@)
k(<0) k (<0)

(A12)

which must be compared with Eq. (2.11) [see Egs.
(A5)—(A7) and Eq. (2.5)].

APPENDIX B

The force exerted on the CDW by the impurities has
been calculated by Barnes and Zawadowski'® using the
linear-response theory where the interaction is switched
on adiabatically. In their calculation the force is calculat-
ed up to second order of the perturbation theory and this
method can be extended to higher orders. On the other
hand, in Sec. VI the force is derived from the thermo-
dynamical potential which is calculated in all orders of
the perturbation theory. In order to show the equivalence
of these two methods we are going to calculate the force
in third order of the electron impurity interaction T by
using both methods.

The electron-impurity interaction can be expressed in
terms of the quasiparticle operators introduced in Appen-
dix A and one obtains

Hipnp=2Tscosp >, uvg

k(<0)
— 3 21k BloBrota ko ko)
kk'o
+ [ > g2k,k)a_i oBr,o+c.c. (B1)
kk',o
where

g1(k,k")=Te'Pvjup + Te " Purvy , (B2)
g2k, k'Y =Te'Pupuy — Te = "Pv, vy . (B3)

The first term of the Hamiltonian (B1) reproduces the
result for the interaction energy in first order

(1), TAo
EV(p)=— —COSQ . (B4)
34

The corrections to the interaction energy are deter-
mined by calculating the thermodynamical potential,

1

8Q=——=((S).—1), (B5)
B
where
B
S=T, |exp|— fo Himp(T)dTH , (B6)

and, in terms of graphs, the index ¢ means that only the
connected diagrams have to be calculated. Using the
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quasiparticle representation of the electrons, the thermo-
dynamical potential Q2 can be calculated in the limit
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orders of the perturbation expansion:
T2 1—[A3/E (k)E(K")]cos(2¢)

B— o in a direct way by taking the expectation value of E(@)=—sL_ b (B7)
the S matrix for the ground state and the integrals with 2 & E(k)+E(k') ’
respect 7 can be carried out exactly. The results of these
calculations are the following in the second and the thirdl and

T 1 1

E¥(@)=—"—cos3 A}
® 2 3% X M EOERIER) ER+ER) BRI ER")
T3 1 1 1 1
- A ' - . B8
+5T-cos(g) ok’gk,, E(k) TEK)  EG*M |ER+EK") EKI+EE" (B8)

Following the method presented in Sec. VI the force can be calculated as the time derivative of the total momentum P
of the electrons which is approximated by P,,, introduced by Eq. (6.4). The expectation value of dP,,,/0t, at a given

time ¢, can be expressed by the evaluation operator U (z) as

daP,
<——?ﬂ> = o[’ 2Buwlo]|, (B9)
ot [ ot
where
t
U(t)=T,exp [—i f_ Himp(t’)dt’} . (B10)
The expression of Eq. (B9) can be written as
P, 9P t
— ) = —-— j ! H;..(¢'),0P —|0
< - >‘ 0|35 [0 |+ [ _dr'(0| [Himy(e),8P/311_ |0)
t t'
+ [__ar [ dt"(O| [Himp(t), 0P /3t]_,Himp(t")]_ | 0) . (B11)
The operator 3P, /3t given by Eq. (6.6) can be expressed in terms of the quasiparticle operators as
aP
o =2T0ssing B upoe +iQ 3 (g3(kk Nl koo +BloBro) — 84k K at_goBro—c.c.1} , (B12)
k kKo
where
g3k, k") =Te'Pviuy. — Te ~*Puivy , (B13)
g4k k") =Te Pupuy + Te ~*Pvivp . (B14)
A straightforward calculation leads to the following result:
JP TAO . 2 . 1 1
-—) = T?Agsin(2
< at >t Qg et O T Asin(9) 3 TSy B+ Bk
3 . 1 1 1
—=QT3Agsin(3
2 T AsinGe)s B OERIER" E0+ER) ERTER")
Ao 1 1 1 1 1
320 . -
FOT S sine X B TER) T B | BT ER BRI+ ER) B13)
I
where the denominators E(k)+E(k"”) and E(k’')+E(k") and (B15) shows that the identity
are the energy denominators of the perturbation theory
and the expressions in front of them arise from the coher- APy, )
ence factors g;(k,k’') (i =1—4). The time-ordered dia- < ot >t=_Q—a'; (B16)

grams corresponding to the process considered here are
shown in Fig. 15. The third-order diagram is just a
correction to the second-order process in which one of the
excited quasiparticles is scattered once more on the im-
purity.

The comparison of the results given by Egs. (B7), (B8),

holds at least up to the third order in coupling 7. This
result supports the idea discussed in Sec. VII, that the cal-
culations of the force F by switching the interaction adia-
batically and by deriving from the static energy lead to
the same expression.
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FIG. 15. Diagrammatic representation of the perturbation
expansion of the time derivative of the total electron momentum
P. The crosses represent the electron impurity interaction.

APPENDIX C

The basic approximation of the present calculations is
that the interaction responsible for the formation of the
CDW is taken into account in a mean-field approximation
where the mean field Ay(@) in Eq. (2.2) is not renormal-
ized by the impurity scattering. The typical mean field
diagram is depicted in Fig. 16(a) and the simplest renor-
malizations due to the impurity is shown in Fig. 16(b).
Such renormalizations occur as a renormalization at the
order parameter A(r) which has been calculated in Sec.
III. In the following, the tendencies of these renormaliza-
tions will be investigated and the order of their magni-
tudes will be estimated.

A rough representation of the renormalized order pa-
rameter can be given by using Egs. (3.33) and (4.9) in a
simplified form

P —iQx a
2D |g | o 1€ |x <3
A(r)= (C1)
A T q/2 —iQx a
2D |g]| 2 | x [ x>

which gives the correct features and orders of magnitudes
for T/2vp <1 in the region around the impurity where
A(r)>>A,. The factor e ¥ occurs because of the
anomalous Green’s function in the self-energy loop. The
most drastic effect can be expected from the core part
| x | <a/2 which shows strong resemblance with the im-
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9 g
Ny =~
(b)
9 9

FIG. 16. Typical mean-field diagrams of the energy gap A.
g represents the effective electron-electron interaction and the
crosses represent the electron-impurity interaction. (a) shows a
typical diagram without impurity while (b) shows the renormali-
zation of the energy gap due to the impurity.

purity Hamiltonian given by Eq. (2.16), thus it can be tak-
en into account as an additional term 87T to the backward
scattering amplitude 7,

8T ~2D |2 | a, (C2)

2UF

where A(r) is multiplied by the diameter a of the core re-
gion. This can be simplified by using the estimation
a/vp~D~!(a/fvp~D~') and one obtains

8T ~gT , (c3)

thus the correction is small as g << 1.

The tail of the renormalized order parameter given by
Eqg. (C1) can be considered as well, but the long-range part
contributes only to the matrix element between electrons
whose momentum difference is very close to Q. Thus the
renormalization of the mean field by the impurity can be
taken into account by a renormalization of the impurity
backward scattering amplitude (strength and momentum
dependence) but that renormalization factor cannot be
very different from the unity.
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