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Lee, Rice, and Anderson, in their monumental paper [Solid State Commun. 14, 703 (1974)], proved the
existence of a collective mode describing the coupled motion of electron density and phonons in a one-
dimensional incommensurate charge density wave in the Peierls state. This mode, which represents the coherent
sliding motion of electrons and lattice distortions and affects low-energy transport properties, is described by
the phase of the complex order parameter of the Peierls condensate, leading to Frohlich superconductivity in
pure systems. Once spatial disorder is present, however, the phason is pinned, and the system is transformed
into an insulating ground state: a dramatic change. Since phasons can be considered an ultimate phonon drag
effect, it is of interest to see its effects on thermoelectricity, which is studied in the present paper based on
linear response theory of Kubo and Luttinger. The result indicates that a large absolute value of the Seebeck
coefficient proportional to the square root of the resistivity is expected at low temperatures kg7 /A < 1
(A is the Peierls gap) with a sign opposite to the electronic contributions in the absence of the Peierls

&ap.
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I. INTRODUCTION

Various aspects of the thermoelectric effect have been ex-
tensively studied both theoretically and experimentally [1,2].
Especially, recent social needs reflecting the fact that quite a
large fraction of primary energy is wasted as heat strongly
urge the quest for materials with high thermoelectric capabil-
ity. Motivated by this understanding, we have been developing
studies toward the systematic understanding of thermoelec-
tricity beyond Boltzmann transport theory based on the linear
response theory of Kubo [3] and Luttinger [4]. Those in-
clude the spin-Seebeck effect free from contamination of
electric current [5], identification of the range of validity of
the Sommerfeld-Bethe relation [6], the phonon drag effect in
the presence of the impurity band [7], and n-type and bipolar
carbon nanotubes, indicating the importance of band-edge en-
gineering and the possible probing of morphology of samples
in experiments [8,9]. In this paper phason drag effects are
studied as an example of the phonon drag, which has long
been known in doped semiconductors to play important roles
[10-13] and was proposed very recently to be the case also in
FeSb;, [7].

A phason is the collective mode of electron-phonon
coupled systems in the incommensurate Peierls phase re-
sulting in a charge density wave (CDW), where spatially
modulated electron density and lattice distortion are locked
with the same periodicity. Lee, Rice, and Anderson (LRA)
[14] discovered this phason in view of the experimental
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finding of extraordinary conductivity in tetrathiofulvalinium
tetracyanoquinodimethan (TTF-TCNQ), leading to the con-
troversial discussions of possible Frohlich superconductivity
[15]. When the CDW moves, electrons and lattice distortion
move together (sliding mode), and the dynamics is described
by the phase of the complex order parameter of the Peierls
phase, then called a phason. Hence, a phason is considered
to be the ultimate form of phonon drag. In contrast to the
case of superconductivity, a phason, which is due to diagonal
long-range order, is sensitive to spatial inhomogeneity result-
ing in impurity pinning. Once a phason is pinned, there is no
sliding, and the state is insulating at absolute zero. However,
at finite temperature, a pinned phason will move locally by
the creation of soliton pairs induced by the thermal excita-
tion, leading to the activation-type temperature dependence of
conductivity L;; [16]. In this paper we study thermoelectric
conductivity Lj, and the Seebeck coefficient S = Li,/T Ly,
with T being temperature, due to phason drag in such a low-
temperature region for the one-dimensional electron-phonon
Peierls phase using the thermal Green’s function.

Regarding phason contributions to Lj,, Yoshimoto and
Kurihara [17] studied the electronic contribution in clean sys-
tems without disorder. In this paper, we explore the phason
drag contributions in the presence of impurity pinning.

In Sec. II, we introduce the one-dimensional electron-
phonon system and the phason. The formulation by LRA
[14] is modified in accordance with the present framework.
In Sec. III, the electrical conductivity due to the phason is
discussed, and in Sec. IV, results of the phason drag contri-
bution to L, and the resulting Seebeck coefficient are given.
Section V is devoted to a summary.

©2020 American Physical Society
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II. ONE-DIMENSIONAL ELECTRON-PHONON
SYSTEM AND PHASON

We consider a one-dimensional electron-phonon system
using the Frohlich model Hy to describe the Peierls transi-
tion in the presence of random distribution of impurities H’,
H = Hy + H’, where Hy and H' are given as follows:

Hy = X:zs,,c;’gcmr + Z ha)qbgbq

fzgq p+g.0Cpo (P +00),

p.q.0

=Z/v(x—R,~),0(x)dx
:-ZZe 4Riv, p+qgcp(, (1

i p.q,0

Here, c; » and b; are creation operators for a one-dimensional
Bloch electron and a phonon with energies ¢, and /iw,, re-
spectively, L is the length of the system, g, represents the
electron-phonon coupling constant, R; represents the position
of impurities, v(x) and p(x) are the impurity potential and
electron density, respectively, and v, is the Fourier transform
of v(x). First, we focus on Hy, and the effects of H' will be
treated later.

In the mean-field theory of the uniform Peierls phase, the
lattice distortion is described by the order parameter

1 T — i
—=80((bg) + (b_,)) = € Ag @

VL
(Ag > 0), with Q = 2kg, and the mean-field Hamiltonian for
electrons becomes

i i €k A €% iko
Hyr = (CQ » €y )( R
E : [ AV )
k.o i ’ S C_%)+k’y

3)
where |k| < Q/2 and we have linearized the energy dispersion
as &, — i ~ & in the vicinity of kg = Q/2 with & = livpk
and k = p — kg. Similarly, in the vicinity of —kp = —Q/2,
we have linearized ¢, — u ~ —&; with k = p + kg. It should
be noted that we consider the cases where v is positive and
negative. The self-consistency equation for A is

hw 7 Z —{f( Eo) — f(E0), )

where

Sy NN 5)

and f(¢) =1/(e#* +1) is the Fermi distribution function
with 8 = 1/kgT.

As performed by LRA, A can be chosen to be real (i.e.,
¢ = 0) in the uniform mean-field solution by redefining the

operator as ¢ ¢, while ¢ is not changed.
P Stk ’ —L4k0 g

— f

- C%-‘rk,a
However, we keep ¢ in the following since ¢ is no longer
uniform in the presence of impurity pinning and the dynamics

of the phason is represented by the spatial and temporary

dependence of ¢ as described in the phase Hamiltonian [18].
In fact, the charge density is given as

p(x,t) =n, + pocos[Ox + ¢(x, 1)], (6)

where n, is the average electron density, pg = fiwg|Al/ 2g2Q,
and Jd¢(x,1)/0t and d¢(x,t)/0x give the electric current
density and the local modulation of electric charge density,
respectively [19,20].

To study the phason mode and amplitude mode in the
case of a constant ¢, we introduce phonon propagators in the
matrix form

Dn(q, T) = —(Tellbyp (1) + 510, (T)]
X [}y (0) +b_p_, (O}), @
where m, n = =, and electron Green’s functions
Gk, T) = (e[ ir0 (Do i O (8)

For the mean-field Hamiltonian of Eq. (3), the Fourier trans-
form of G, (k, T) is given by
A
o~ gk), )

— ; ien + %_k
e —E\ A
where ¢, = (2n + 1)mkgT is the Matsubara frequency (n is
an integer).
As shown by LRA, the Dyson equation for D,,, leads to
Dii(q.iwy) £ e D, (g, iw,)

B DOiw,)
1= [M44(q, iwy) £ e 29T11_(q, i0,)]DO(iw,)’
(10)

where w, = 2nvkgT is the Matsubara frequency (v is an
integer) and

Gk, iey)

M (q,iw,)

kgT
—282Q : Z§++(k+q, ig, +iw,)G__(k, ig,),

I, _(q,iw,)

kgT
—2g2Q 2 Z§+ (k+q, is, +iw,)G._(k,ig,), (11)

k.n

where go,, ~ go has been assumed. [For completeness, the
derivation of Eq. (10) is shown in Appendix A.] It is to be
noted that the zeroth-order phonon propagator

2hw,,
DO(q. iw,) = Sy i (12)
mn ( ) hz 2
mQ+q
has been approximated as
2h
DO(g. iw,) ~ 8ynDO (i) = Sy ©o (13)

mn ( ) hz 2

The denominator for D, — e 2D, _ in Eq. (10) leads
to a g-linear mode, w = vlg| (v > 0), which is a phason,
while that of D, , + e 2*D, _ leads to the amplitude mode.
Therefore, phason and amplitude propagators are defined as

P(q.iw,) = Di1(q, iw,) — e 20D (g, iw,),

Aq, iw,) = Dii(q, iwy) + e Dy _(q,iw,), (14)
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respectively. For a small-g and small-(iw,) region, they be-
come

2iwg/(1+X)

@100 = G = (g
/(1 +X/3)
A y) = 1
(g, iwy) (o — Rk (@) (15)

where X = wggy, /27 |vp|Aj, and the phason velocity v is
given by

v =[X/(1+X)1"|vel. (16)
The dispersion of the amplitude mode w,n,(g) is

4X )
®am(q) = 1+XA0+3+X
3

(hveg)*. A7)

The details of the calculations are shown in Appendix A.

J

5 4¢? v% (kgT)?
0 L2
k.k' en,€),

4e vF(kBT)2

~85

k,e,

III. ELECTRICAL CONDUCTIVITY DUE TO PHASONS

The Kubo formula for dynamical electrical conductivity for
uniform electric field o (w) is given by

1
Ly, :%[CDH(Z.O)A—>ha)+i5)_©ll(0)], (18)
with
1 [# .
D (iwy) = Z/ dt (T [J(T)J.(0)])e' ", (19)
0

Here, J, is the electronic current,

+ + ce
Jo=—e ¢ . c vpo, [ 2RO (20)
e 2tk —%tko JVFOZ\ 7, ’
k,o

-3tk

where —e is the electron charge (e > 0) and o, is the z com-
ponent of Pauli matrices. As shown by LRA, the conductivity
due to phasons is governed by processes in Fig. 1 [14]. For ex-
ample, Fig. 1(a) gives the following contribution to ®; (iw; ):

3 Trlo:Glk. e, + )04 Gk, ie)1Dy (0, i) Trlo_G(K . it} + iw;)0.G (K, i€])]

D (G lkiien + iw)G s (ki ign) = G (k. ey + i02)G—— (k. ien)

XD++(O7 l(,())t) Z {g++(k/v 18;/1 + ia))\)ng,(k’, ié‘:l) - g+7(k/v ig;/l + ia)k)gff(k/s 18;/1)}

ke,

A*(iwy, + 2&)

A(iw; + 28r)

—g2 4€2U1%~(kBT)2 Z
e L2 ke {(ign + iwk)z

— B¢ H{ e — EZ} = ey +ion? -

Dy (0, i) Y 1)

Egf{Ge,? — B2}

where o1 = (0, £ioy)/2 and oy, 0y, 0, are 2 x 2 Pauli matrices. In the last expression, the terms proportional to & and & in
the numerator vanish since they are odd functions of k and k’, respectively. Figures 1(b)-1(d) can be calculated similarly, and

their total becomes

. T
Dy (iwy) = —4e’vigy A iw;) |: BL >

k,&n

1

{Gen + iw;)?

2
— E}{(en)? —Ef}}

X[ D440, i) — e 2D, (0, iw;) — P D_1.(0, iwy) + D__(0, iwy)}. (22)

Noting that D__ =D, , and D_, =e %D, (see Ap-
pendix A), we see that the last set of parentheses
in Eq. (22) is equal to twice the phason propagator
P(0, iw,).

In the lowest order of iw; and T — 0, the k summation
and the Matsubara frequency summation in Eq. (22) can be
carried out as

kBT 1
L o {(ien)? —

=——Z/%f( )—Ekz)z

1 1 1
L Xk: AE}  dmhlvp| A}

(23)

(

Therefore, the conductivity is given by
() = ( ) 8 22 P(0, hew +i5). 24)
b4 A

Equation (24) together with Eq. (15) leads to o(w) =
nee* Jiom*, withm* = [(1 + X)/X1m and n, = 2k /7, which
is the result by LRA for the sliding phason mode contribu-
tion to the conductivity in clean systems, representing the
perfect conductivity of the Frohlich superconductivity. In
the presence of impurities, which is always the case, phasons
are pinned, resulting in vanishing static conductivity at abso-
lute zero (see Appendix F).

So far we have reviewed in detail the derivation of phason
contributions to L;; in order to make transparent and solid
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k,ien + iwy

(C) k,ien + iw, K ig!,

(d) kyien + iwy,

kyien + iw,

k,ien + iwy

k,ien + iwy

ke + iwy K iel, + iwy

FIG. 1. Feynman diagrams for conductivity due to phasons. The solid lines and the wavy lines represent electron and phonon Green’s
functions, respectively, The + and — signs attached to the solid lines represent the subscripts of electron Green’s functions G,,, with m, n = =+,
and the +Q and —Q attached to the wavy lines represent the subscripts of phonon Green’s functions D,,,.

the new contributions of phason drag to L;, on equal footing,
which are explained in the following.

IV. THERMOELECTRIC CONDUCTIVITY
DUE TO PHASON DRAG

In this section, we study the phason drag contri-
bution to the thermoelectric conductivity L‘l’lz’, which is

given by

.1 . .
L= lim 5[cpg";(zwA — hw +i8) — O (0)],  (25)

where JP " is the heat current carried by phonons [6],
h
I =" hwgebib,, (27)
q
with ¢, = dw,/dq being the phonon group velocity.

A. Phason drag process

As in the case of FeSb, [7], processes associated with pha-
son drag are shown diagrammatically in Appendix C. Here,
it should be noted that phonon propagators appearing in the
phason drag processes are “directed” as fermions [6,7,21-25];
that is, instead of D,,, (g, T), we have to use O,,,(¢, 7) defined

with as
i L 8 i , Oun(q. T) = ~{Te (b4 o (DB g, 0) + b_p (O}
PP (iwy) = I / dr(T [ (1)) ])e ™, (26) (28)
0 Details of the calculations are shown in Appendixes B and C.
Finally, we obtain
J
. (kBT)2 i(,()v + ha)Q i(,()v + ia))‘ + ha)Q 1 1
M — ¢h 2
12(10),\) ENVrwQCo8o 12 k;u Zfle 2th (ign)z _ Ek2 (ie, + iwx)2 _ Ek2
X {P(q, iwy)A(q, iw, + iw;) + A(q, iw,)P(q, io, + iw;)}
x [{f(q, io, + i) — f(—q, —io)iealie, + iwy) + & — AG)
—{8(q, iy + iw;) — g(—q, —iw,)}Eig, + iw;)] + O((iw;)), (29)
with
. ie, + iw,
f(q? la)l)) - £

(ieq + iw, )2

_ 2
Ek+q

§k+q

g(‘]s la)l)) =

(ign + i, )? — E?

(30)
k+q

From Eq. (10) we see that D,,,(—q, —iw,) = D,n(q, iw,), ie., P(—q, —iw,) = P(q, iw,) and A(—q, —iw,) = A(q, iw,).
Thus, changing variables, ¢ — —q and iw, - —iw, — iw; in f(—q, —iw,) and g(—¢q, —iw,) in Eq. (29), we obtain

1 1

(kgT)? Z 2iw, + iw;,

O™ (iw; ) = ehv
pwy) =e Fa)QcQgZQ B 2oy

k,q,n,v

(ign)? — E} (igy + i, )* — E}

x {P(q, iwy)A(q, iw, + iw,) + A(q, iw,)P(q, iw, + iw;)}
x [f(q. io, + io)]ie, (i, + iw;) + EF — AG} — g(q. iwy + i0)ERie, + i0;)] + O((i03)?). 31)
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. . . . h
B. Analytic continuation and low-temperature properties of @},

For the static thermoelectric conductivity, we need to calculate the linear order of iw; of Eq. (31), whose leading contributions
are due to the region of —w, < w, < 0.[The other regions give contributions proportional to P(g, x + i§)A(q, x 4+ i6) or P(q, x —
i6)A(g, x — i8), which will be in the higher order with respect to damping of the phason and amplitude mode.] After analytic
continuation of iw; — hw + i8, we obtain

ph : _ l oo ﬂ / _ . o . 2
&, (hw +i8) = ehvpa)cngQL Z Znin )x{P(g,x —i8)A(q,x +i8) + A(q,x — i§)P(q, x + i5)}C(x, q) + O(w"),
q —0Q

where

ksT 1 1
Clx,q) = —

(32)

{Gen + ) () + & — A} — 2ien&ibiry)- (33)

L [Gen? - Ek2]2 Gen + 200 — ER,,

By noting that C(x, g) is due to fermionic contributions with energy and momenta higher than those of phonons, we expand
C(x, q) in terms of both x and ¢q. In the lowest order with respect to g,

ksT 1

Cx,q)~C(x,0) = A
k,n

[Gen? — E7] Gent 20 =

- {(isn + )| (ien)* + &2 — AY} — 2isns,3}. (34)

Since n’(x)x is an odd function of x, the lowest order contributing to Eq. (32) is C(x, 0) ~ xD(T), with

p(ry = el

(ien)” — &7 + A]
s 3"
L k,n [(1811)2 - Ek2]

(35)

Equation (35) is derived also rather straightforwardly by putting ¢ = 0 and iw; = 0 in the electron Green’s functions in Fig. 4

ph

(see Appendix D). Finally, the static thermoelectric conductivity at low temperature L}, (T') is given as follows:

D(T) dx
T

h
LY(T) = —ethcng) I

AtT =0,D(0) = k]:/87TE3F, which is shown in Appendix E.
We see that L, is governed by both phase and amplitude
modes, while L is governed by only the phase mode. Al-
though impurity scattering affects both modes, phasons are
more sensitive, which has been studied before in the context
of impurity pinning, which will be briefly summarized in the
following.

C. General features of phason propagators

In order to explore the implication of Eq. (36), we analyze
the propagators of collective modes of phason and amplitude,
P(q, iw + i) and A(q, hw + i8), given by Eq. (15) with TTF-
TCNQ in mind in the impurity-pinned state, i.e., in the charge
density glass (CDG) state instead of the CDW state. We note
that phonon propagators in glasses are proposed to be of the
following type, e.g., in Ref. [26]:

2w /(1 +X)
(iw + i8)? — w2 (q) + il
2w /(1 +X/3)
(how + i8)? — FPw? (q) + ihwlam
(37

P(q, hiw + i8) =

A(q, hw + i8) =

where wpn(q) = vl|g| and w,m(q) are the dispersions of the
phason and the amplitude mode, respectively. I'py and I'yp
reflect the effects of randomness. This expectation is justified
for the amplitude mode, which is optical and has a finite

> /OO 2—n’(x)x2{P(q, x — i8)A(q, x + i8) + A(q, x — i8)P(q, x + i8)}. (36)
g Y—®

(

gap at ¢ = 0. However, this expectation is totally invalid for
the phason, which is acoustic. In the following we will see
that P(q, hw + id) is greatly modified because of the impurity
pinning.

We first note that these modes derived by the mean-field
theory should be valid in the three-dimensionally ordered
Peierls phase. The critical temperature to the ordered Peierls
phase is 7p ~ 54 K, which is believed to be much lower than
the mean-field transition temperature Tpy ~ S00 K [27] be-
cause of strong fluctuations intrinsic to one-dimensionality.
The wave number ¢ is measured relative to 2kg since these are
phonon modes in the Peierls phase with the long-range order
parameter of the coherent lattice distortion with period 2kg =
Q. As clarified by LRA, phasons carry charge current, while
amplitude modes are neutral. This implies that phasons are
considered to be charged phonons. Hence, the present phasons
have particular features compared with ordinary phonons:
very low energy and sensitivity to spatial randomness because
of the charged object.

The subtle problem of the coupling of phasons to spatial
randomness leading to impurity pinning had been studied
before based on the effective Hamiltonian, the phase Hamil-
tonian [18,19], which indicates that P(q, hw + i8) (37) at
absolute zero is modified as follows:

2hwg/(1 + X)

P(g, hw +i8) =
(g ) (hw + i8)? — Pv2q? — go + ihwg,

. (38)
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where gy (~y?) and g (~y) are parameters associated with
the impurity pinning potential y (y > 0; for details, see
Appendix F).

From Eq. (38) with finite go, it is seen that o(w) ~ iw
as w — 0, which is the characteristic of dielectrics (insula-
tors) with the dielectric constant ¢(w) = 1 4+ 4mwioc (w)/w ~
1/(go — ihwgy). This reflects the fact that Peierls lattice dis-
tortions are no longer uniform in the pinned CDW state and
that the spatial charge density is disordered, i.e., glassy. In
such a glassy state, the CDG state [28], the possible charge
transport is either uniform oscillations of phasons within each
domain or local variation of phase associated with domain
walls described as solitons, both of which need finite exci-
tation energy. These are features of impurity pinning at 7 = 0
for finite frequency w # 0.

At finite temperature, 7 # 0, these low-energy excitations
are thermally excited, resulting in small, but finite, conductiv-
ity, which implies go = 0 with finite g; in Eq. (38). There will
be an interesting crossover from the zero-temperature value
of go to vanishing gy at finite temperature, and this is associ-

J

ated with the dielectric anomalies which have characteristic
dependences on both the frequency and temperature of the
dielectric constant in some family of molecular solids [29].
But this issue is beyond the scope of the present paper. In the
following, we assume go = 0 for 7 > 0. In this case, the static
conductivity oy is given by

_ (e 8w
o= <;> (1+X)A2 g " 39

In the present context of TTF-TCNQ experiments indicate
more or less the activation type of the temperature dependence
of the conductivity [16], implying g(T) ~ yexp(Ey/ksT),
which we will assume in the following.

D. The temperature dependences of L*l’;‘ (T)

In order to see the implication of (36), we first note the
dispersion of the amplitude mode w,ny(g) is relatively weak
compared to that of phasons: we assume wyy(g) is a g-
independent constant, w,. Then, ¢ integration in Eq. (36) is
possible analytically, leading to

F(x,T)= % Z{P(q, x —i8)A(q, x + i8) + A(g, x — i8)P(q, x + i8)}

q

B 2Re/°° dq( 2iwg/(1 + X) )( 2wy /(1 +X/3) )
- _ X2 — P2q? —igix ) \x% — h2w§m + ixTam

00 2T

ok [ 4ine} /v(1 + X )(1 + X/3)
(x

2 Fzzwg + i)cl"am)(x2 —ig1x)!/?

] ; (40)

where the argument of (x> — ig;x)'/? is chosen to be Im(x*> — ig;x)"/? > 0. Therefore, Lﬁ’g (T) in Eq. (36) becomes

o0
d
LT = —elvpcogpD(T) / ﬁn/(x)sz(x, 7). 41)
—00

It should be noted that the factor |n’(x)| is large only for |x| < kgT at low temperatures.
As discussed in the previous section, when the system is conductive, we expect g; ~ yexp(Ey/kgT ). In the low temperatures

where g1 > kgT holds, F(x, T) is approximated as

2
4a)Q

1

F(,T)=

and then

ethcQgZQa)é

V2hva?(1 4 X)(1 + X/3) Vg1 (D[

(42)

(kgT)*/?

L™T) =

=2.936

ehvchgZQa)ZQ

oo 32
D(T dz———
ﬁnvwﬁ(l +X)(1+X/3) v&1(T) ( )/0 Zsinhzz

(kgT)*/?

V2rve2(1 +X)(1 + X/3) V&1 (T)

which leads to
ph

D(T), (43)

S = T_12 (0’4 vchT1/2eE°/2kBT. (44)
o

Here, D(T') has been approximated as a constant, D(0).

It should be noted that |S| is exponentially diverging toward
absolute zero in the present one-dimensional (1D) Peierls
model, where the energy dispersion of the electronic band is
strictly 1D. The sign of S is determined by cp = dw,/dq|,—¢

(

(Q = 2kg) since vp > 0 is independent of the filling of the
band in the present 1D electron model: S > 0 for 0 < Q <
G/2 (“electrons”) and S < 0 for G/2 < Q < G (“holes”),
with G being the reciprocal lattice vectors. In the case of the
charge transfer salts that interest us, TTF-TCNQ, however,
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the system is semimetallic with the same number of elec-
trons and holes in the TCNQ band and the TTF band, and
then vg > O for electrons, and vg < O for holes, as in doped
semiconductors.

The present results may point to an interesting possibil-
ity of thermoelectricity in disordered (glassy) systems with
strong electron-phonon coupling between low-temperature
insulating and weakly conducting intermediate-temperature
regions which may include some cases of variable range

hopping.

V. SUMMARY

In the present paper, the effects of phason drag on the
Seebeck coefficient were theoretically studied for the one-
dimensional incommensurate Peierls phase with TTF-TCNQ
in mind based on the Kubo-Luttinger formalism with the
help of thermal Green’s function. The phason is the collective
mode of electron-lattice coupled CDW systems and represents
the sliding motions of electronic charge density and lattice dis-
tortion as clarified by LRA. Hence, phasons can be considered
the ultimate form of phonon drag, which has long been known
to play important roles in semiconductors and was found to
also do so in FeSb, recently.

In order to treat phason dynamics theoretically, it is crucial
to note the existence of two energy scales, i.e., the high-energy
region representing electronic degrees of freedom to support
the Peierls phase and the low-energy region describing the
collective modes (amplitude and phase modes) in the Peierls
ordered state. As demonstrated by LRA, phasons are charged,
while amplitude modes are neutral. Phasons, which represent
sliding motions of coupled electronic charge density and lat-
tice distortions, have acoustic wave vector dependence and
lead to perfect electric conduction (Frohlich superconductiv-
ity) in clean systems. However, phasons are sensitive to spatial
inhomogeneity, in contrast to the phase of superconductivity,
and are easily pinned by impurities, resulting in an insulat-
ing state at absolute zero with inhomogeneous spatial charge
density, i.e., a charge density glass state. In order to describe
this dramatic process of pinning from perfect conduction to
the insulating CDG state the phase Hamiltonian, which is an
effective Hamiltonian focusing on phasons, is known to be
powerful to see the frequency dependences of conductivity at
T = 0. In the present studies on the Seebeck coefficient we
need to extend this study to finite temperatures.

We first demonstrated the perfect correspondences between
former diagrammatical calculations of conductivity L;; and
thermoelectric conductivity L, and those based on the phase

J

Hamiltonian in the absence of pining. Then the effects of
pinning on phasons governing L;; at finite temperatures were
analyzed based on previous analysis at absolute zero (but
finite frequencies). This partly corresponds to general studies
on phonon propagators in disordered systems, i.e., phonons
in glassy states. However, there is an important difference
between phonons in a glassy state and the present CDG state:
phonons are neutral in the former, while they are charged here.
In the CDG state the dependences on frequency and temper-
ature of phasons are more subtle than in neutral phonons.
With such detailed studies on phason propagators in the
CDG state, its drag effects on Lj; and then S = Lj»/TLy;
have been identified. It turns out that |S| can be very large:
When conductivity obeys the Arrhenius type of temperature
dependence, L;; ox e Fo/ksT  then L']Dl; o vpeg T3/ e~Eo/2ksT
and S oc vpepT 1/2ef0/%eT a5 T — 0. The sign of S is always
opposite that of electronic contributions, which appear to be
consistent with experiments [30], although the description of
crossover regions between high temperature with electronic
contributions and the present low temperatures deep in the
Peierls ordered state is beyond the scope of the present paper.

The main result of this paper is the identification of the
phason drag contribution to the thermoelectric conductivity
L1z, Eq. (36), in terms of phason and amplitude propagators,
P(q, x) and A(qg, x), to be combined with the conductivity Ly,
Eq. (24), for the Peierls phase treated within the mean-field
theory. Even if the Peierls phase is treated in more detail
beyond the mean-field theory, the main framework of the
present scheme will be valid for the contribution of phase
and amplitude modes as long as the Peierls phase is long
range ordered and stable with possible modifications of the
prefactors of Egs. (24) and (36).
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APPENDIX A: DYSON EQUATIONS FOR PHONON
PROPAGATORS

The Dyson equations for D,,, by LRA are shown in Fig. 2:

D1 (g, ivy) = DY (q. i) + D1t (q, i) (q, i0,)DY (¢, ivy) + Di_(q, io)_1(q, i0,)DY) (q. iw,),
Di(q.iwy) = Dii(q, io)i_(q, i0,)D? (q, iw,) + Dy_(q, i) 1__(q, iv,)D (¢, i),

D_i(q. iw,) = D__(q. iw)1_(q. i0,)DL) (q. io,) + D_i(q. i0) 114+ (q. i0,)D) (q. i),

D__(q. i»,) = DV (q, iw,) + D__(q, iw,)1__(q, iv,) DY (¢, iw,) + D_1(q, iw)4_(q, iw,)D (g, iw,), (A1)

where I1,, are defined in Eq. (11). It should be noted that the relations IT;; = IT__

and TI_, = ¢ #*T1__ hold from

their definitions. (Note that in the presence of &; the relation IT,, = IT__ does not hold.) Furthermore, when we use the
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(a) k+ q,ien + iwy
» O
ot SO

FIG. 2. Feynman diagrams of Dyson equations for the phonon propagator D,,,. The wavy line (the wavy double line) represents D)
(Dyun)- The + and — signs attached to the wavy lines and the solid lines represent the subscripts of the corresponding propagator. The Dyson
equations for D__ and D_, are written in the same way.

approximation [Eq. (13)]
2th

DO, iwy) ~ 8DV (i) = 8mm, (A2)
Eq. (A1) becomes
D (g, iwy) = {14+ Dii(q, iw)4 i (q, iwy) + Di_(q, iwy)e T _(q, iw,) } DO (iw,),
Dy (q.iwy) = {Dsi(q. iw)_(q, iw) + Di_(q, i0,)T1(q, i)} DV(iw,),
D_i(q. iw,) = {D__(q. iw,)e T, _(q. iw,) + D_1 (g, iw)1 41 (g, i)} DV (iw,),
D__(q,iwy) = {1+ D__(q, i)} 4(q, i®,) + D_y(q, i0,)1;_(q, i0,)} D (iw,). (A3)

From these Dyson equations, we can see that
Dis(q, i) £ e 2Dy (g, iw) = [1 +{Dis(q, i) £ e 2Dy (g, i) 111(q, iwy) £ e 2P TL_(q, i)} DV (iw,),
(A4)

which leads to Eq. (10). In a similar way, we obtain O__ = D, and D_, = e 4D, _.
The phason propagator P(q, iw,) in Eq. (14) is evaluated in the small-g and small-(iw, ) region as follows. Substituting the
definition of D©(q, iw,), P(q, iw,) is rewritten as

2ha)Q
P(q, iw,) = . . A5
(9190) = Gy = (hwg) — 2haglT 11 (q. fwn) — ¢ 20T, (q. iw)] (A
Using the definition in Eq. (11) and the Green’s function in Eq. (9), we obtain
ksT (ie, + iw, + §k+q)(i8n — &) — A(2)
M(q, iw,) — e T, _(q, iv,) = 28— - : (A6)
= - Q ; [(ien + iwy)? — k+q][(zsn)2 E}]
When ¢ = 0 and iw, = 0, the right-hand side of Eq. (A6) becomes
kg T _ @) (z)
gZQ Z (lEn)2 N gZQL ng 27i 72
ko
S (Ex) — f(—=Ex)
=2g, L A
Z 35
hw
== (A7)

where the self-consistency equation in Eq. (4) has been used. The phason velocity is obtained by calculating the higher-order
terms with respect to g and iw,. It is straightforward to obtain

hwgo X(hvrg)? X(iwy)?

(g, iw) — e 2T, _(q, iw,) = —— + — + (higher-order terms), (A8)
2 2ha)Q Zha)Q
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(a) o k+ q,ie, +iw,
(@) (@)

+ Ty + Ty

zzzwIzz = e-Ppm-- |

FIG. 3. Feynman diagrams of Dyson equations for the “directed” phonon propagator O,,,. The dashed line (the double-dashed line) with
an arrow represents O (0,,,). The + and — signs attached to the dashed lines and the solid lines represent the subscripts of the corresponding

mn

propagator. The Dyson equations for O__ and O_, are written in the same way.

with

Cl)ngQ

= A9
27 |vp| Af (A9)

Substituting (A8) into (AS5), the phason propagator becomes

’ l‘l)v =
1 (iwy 2 — X (vpq)? + X (i, 2

_ 2hw/(1+X)

(i) — 75 (hvpg)?

_ 2hwo/(1+X)
(iwy)> — (hvg)?’

(A10)

172

where v represents the phason velocity, defined as v = [X/(1 + X)]"/“|vg|. In a similar way, we obtain

hiwg  2XA3  X(hveg)*  X(iw,)?

(g, ivy) + e 2T, _(q, in,) = — + (higher-order terms). (A11)

2 h(,()Q 6h(x)Q 6an)Q
Therefore, the amplitude propagator becomes
2ha)Q
Aq, iw,) =
(4. i) (iwy)? — 4X A} — % (hvpg)? + £ (iw, )?
2h 1+X/3
_ wQ/( ‘: / ) , (A12)
(iwy)? — hwy ()
with
(@) = | A3+ (g (A13)
Wam\q) = 1+§ 0 31X VUrq)~.

APPENDIX B: DYSON EQUATIONS FOR “DIRECTED” PHONON PROPAGATORS
The Dyson equations for O,,, are shown in Fig. 3:

014(q. iw,) = 0L (q. iwy) + 014(q. iw) 144 (q, i0,)DL) (g, iwy) + 01— (q, iw)1_4(q, iw, )DL (q, i),

0+-(q. iw,) = 044(q. iw)1_(q, i©,)DV (g, iw,) + O1_(q, io,)[1__(q, i0,)D (¢, iw,),

0_1(q.iw,) = O__(q. iw,)N1_y(q. i0,) DY (q. iw,) + O_1(q. i0) 44 (q. iw,) DY) (q. i),

0__(q,iw,) =09 (q,iw,) + O__(q, io)T1__(q, iv,)D? (g, io,) + O_(q, iw,)1;_(q, i)D" (¢, iw,),  (B1)
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where O0)(q, iw,) are defined as

3}’)‘17[
oVq, iv,) = ——2——. (B2)
iw, — hwmoig
Solving the Dyson equation for O,,,, we obtain the simple relations
. 0(iw,) . iw, + hwg .
Omn(qs lwv) = .Z)(O)(i(l)v) mn(Qv lwv) = 2th Dmn(Qa la)v)a (B?’)

where it should be noted that we used an approximation,

1
Of’ft)n)(q’ lwv) ~ SmnO(O)(iwv) = (Smn.—, (B4)
iw, — hiwg

as for Z)f,?,g(q, iw,). The same argument is applied to (jmn(q, iw, ), which leads to (jmn(q, iw,) = Opn(q, iw,).

APPENDIX C: FEYNMAN DIAGRAMS FOR THE PHASON DRAG

The Feynman diagrams for the phason drag contributions @’fg(iwk) of Eq. (26) are shown in Fig. 4. Figures 4(a)-4(d) give,
respectively,

kgT
—gz( 5T S o0 (q. 10004 i, + i, )evs TGk, i), Gk — g. iy — i) Gk it + i, )ox]
k,q,n,v
, (kgT)? = . . . . . . . .
=807 Z liwgcgO++(q, i,)0+1(q, oy + iw;)evi{G 1+ (k, ien)G——(k — q, ie, — iwy)G++ (K, igy + iw;)
k,q,n,v
—G_1(k,ig,)G__(k — q,ie, — iw,)G+_(k, ig, + iwy)},
2 (kBT)2 X . . . . . . . .
80~ 2 Z hiwgcpO1—(q, iw,)0_ (g, iw, + iw;,)eveTr[G(k, ie,)o Gk — q, ie, — iw,)o_G(k, i, + iw))o.]
k,q,n,v
2 (kBT) X . . . . . . . .
=8 7 Z liwgceO+1-(q, iw,)0—1(q, iw, + iw;)evi{Gi+ (K, ien)G——(k — q, ig, — i0,)G 11 (k, ig, + iw;)
k,q,n,v

—§7+(k, i&‘n)g,,(k —q, isn - iwv)ngf(k’ isn + iwk)}v

kgT
—gZQM Z thcQO++(q, i0,)014(q, iw, + iwy)eveTr[G(k, ig,)o_G(k + q, ie, + iw, + iw; )0, Gk, ig, + iw;)o,]
k,q,n,v
, (kgT)? ~ . . . . . . . . .
= _gQT Z liwgcpO++(q, i®,)044(q, ioy + iw)evi{Gi—(k, ie)G 1+ (k + q, iey + iw, + i0;)G—+ (k, ie, + iw;)
k,q,n,v
—G__(k,ie))Gyt(k+ q,ig, +iw, + iw))G__(k, ig, + iwy)},
2 &) (kBT)
07 Z thcQO+ (g, iw,)0_1(q, iw, + iw,)eveTr[G(k, ie,)o_G(k + q, ie, + iw, + iw))o.G(k, i, + iw; )o,]
k,q,n,v
2 (kBT)
=8 Z hwocgO—(q, i0,)0_4(q, i®, + i0,)eve{Gi— (K, ien)Git(k + q, iey + iw, + iw;)G— (k, ig, + iw;)
k,q,n,v
—G__(k,ie))Gyi(k+ q,ig, +iw, + iw))G__(k, ie, + iw)}. (CD)

W+Q4q> C+o+q> and gipy, are approximated as wp, £cp, and gg, respectively. Here, it should be noted that the phonon
propagators are “directed” as fermions; that is, O, (g, iw,) and O,,,(q, iw,) are Fourier transforms of

mn(q’ 7:) - _< { mQ+q(T)[ nQ+q(0) + banfq(O)]})’
Onn(@. V) = ~{Te{ [ (D) + b g (O]l O} (€2)

respectively, with m, n = . ~
For Figs. 4(e)-4(p), the + and — signs for G, O, and O, are different from those in diagrams Figs. 4(a)-4(d), while
the momenta and Matsubara frequencies are the same. Noting that the electronic part is common in the Figs. 4(e) and 4(f), for
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(2) Q o ) Q_o:
Oii(qiwy) ==~ Or (g iwy) ==~ Eien + iw)y
Y Yy
J}I:h( 0z J}Il)h‘ 0z
Qs Q'
B v
O+4(q,iwy + iw})‘é - kyien +iw)y O44(q, twy + iw;)"é g
(b)~ Q O+ (d)~ Q O+
O-J,-—((I./ ZCUy) .= O+_(Q7 ZWI/Z .- k.‘ iEn + ’LUJ/\
/’v ”1
_Q,/ _Qll
J}};h ‘l o J}};h ‘/ o
—Q\\ —Q\\
B A
O_(q,iwy + iw:\)'é o k,ien +iw)y O_(q,iwy + zw:\)'é -
(e) Q_ ot (i) —Q_ o (m) —Q_ o_
Q.Y Q.Y Q.7
‘\ Oz ‘\ Oz ‘\ Oz
@ v, @ v, @ v,
-Q o4 Q o- -Q o4
0 Qo 0 —Q o W Qo
Q.7 Q.7 Q.7
‘\ Oy ‘\ Oz ‘\ Oz
A AN A&
_Q O+ Q g— —Q (0N
@ Qo Qg0 O -Q g0
Q.7 Q.7 Q.7
‘\ Ty ‘\ 0z ‘\ 0z
@ v @ v, @ v
-Q o4 Q o- -Q o4
W Qo 0 Qo ) Qo
—Q v’ —Q h 4l —Q hdl
‘\ Oz ‘\ Oz [ ] (op
B B @ v
-Q o+ Q o- -Q o4

FIG. 4. Feynman diagrams for the phason drag. The solid lines and the dashed lines represent electron and phonon Green’s functions,
respectively, and the Q and —Q attached to the dashed lines represent the subscripts of the phonon Green’s functions O,,, and (jm,,, with
m,n = %. (e)~(p) Only the Pauli matrices and the sign of Q are shown, while the momenta and Matsubara frequencies are the same as the
corresponding diagrams in (a)—(d).

example, we obtain

, (keT)’

Figs. 4(e) + 4(f): —£0 P

> hwcg(044(q. i0,)04 (g, iw, + iw;) — Oy (g, iw,)0-_(q. iwy + iw;))
k,q,n,v

X eVp{G i+ (k, ien)G-+(k — q, iey — iw,)G 1 (k, iey + iw;)
_g7+(kv iEn)g7+(k —dq, i((,‘n - ia)l))gff(kv isn + l.C())L)},
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. (kgT)* ~ . : . x . . .
Figs. 4(g) + 4(h) : —g2Q ]22) Z hwocplO44(q, iw,)0+_(q, iw, + iw,) — O4_(q, iw,)0__(q, iw, + iw,)}
k,q,n,v
XeUF{g++(k, isl‘l)g7+(k + q, ien + i(l)u + ia)k)g7+(k9 ign + la)k)
=G+ (k,ie))G-+(k + q, iey + iy + i03)G-—(k, ie, + iw))}, (C3)
. . . 2 (kBT)2 4 . . . X . . .
Figs. 4() +4():  —gp B Z hiwgco{O—4(q, i0,)014(q, iw, +iw,) — O__(q, i,)0_4(q, i®, + iw;)}
k,q,n,v

XEUF{Q+_(k, ign)g+—(k —4q, i‘gn - ia)v)g++(k’ i‘gn + la))L)
—G-—(k,ie))G—(k — g, iey — i0,)G+—(k, ie, + iw;)},

. kgT)? ~ . . . ~ . . .
Figs. 4(k) + 4(1): —gﬁg( BLZ) Z liwgco{O—4(q, iw,)014(q, iwy + iw,) — O0-_(q, iw,)0_4(q, iw, + iw;)}
k,q,n,v
xeVp{Gy—(k, ie))G1—(k + q, ie, + iw, + i0,)G 1 (k, ig, + iw))
—G__(k,ie))G1_(k + q, g, + iw, + iw))G 1 (k, ig, + iw))}, (C4
Fi 4 4 X 2 (kBT)2 h (j . 10) . . (j . 0 . .
igs. 4(m) + 4(n): —8o— 7 Z woco{O0_4(q, iw,)04 (q, iw, + iw;) — O__(q, iw,)0__(q, iw, + iw;)}
k,q,n,v

xevp{Gy—(k, ie,)Gyr(k — q, ig, — iw,)G 4 (k, i, + iw;)
—G-_(k,ie,)G 1+ (k — q,ie, — iw,)G-—(k, ie, + iwy)},

. (kgT)? ~ . . . ~ . . .
Figs. 40) +4():  ~gp—r3— ) hwocol0-1(q. i0,)0+— (. iw, + i) = O-_(g.i0,)O-(g. i, + iw;)}
k,q,n,v
xeVE{G 4 (k, ie))G_—(k + q, is, + iw, + iw))G 4 (k, is, + iw;)

=G (k,ie,)G-—(k + q,ie, +iwy + i0;)G 1 (k, ig, + iw;)}. (C5)

The “directed” phonon propagators, O,,,, and O,,,,, are obtained from the Dyson equations shown in Appendix B. Substituting

the explicit form of G,,, in Eq. (9) and using the relationship between O,,,, (jm,,, and Dy, obtained in Eq. (B3), the total of
Eq. (C1) and Egs. (C3)—(C5) becomes

h,.
<I>11’2(la),\) = —ehvrwpcg

) (kgT)? Z iw, + howg iw, + iw, + iwg 2 1

g , . ,
¢ 12 S 2hag 2hwg (ien)? — E? (igy + iwy)? — E?

x [{D++(q, i0,)D11(q, iy + i) — e Dy _(q, i0,)D4_(q, io, + iw;)}

x [f(=q, —iw,) — f(q, i, + io)[ieqlie, + iwy) + & — A2]

— [g(—q. —iw,) — g(q, iw, + iw;)]Eie, + iw;)}

H{D14(q. i0)D4 (g, iy + i) = D (g, i0,)D41.(q, iy + i3)}
5 { iw; (A*)? i, (A*)? ”

(ien — i, — B}, (ign +ioy +ie,)? — E7,,

(C6)

where f(q, iw,) and g(q, iw,) are defined in Eq. (30). The last terms with iw;, (A*)? can be neglected in the following since it is
proportional to (iw; )*. Finally, using the phason and amplitude propagators defined in Eq. (14), we obtain Eq. (29).

APPENDIX D: STRAIGHTFORWARD DERIVATION OF EQUATION (35)

Putting ¢ = 0 and iw; = 0 in the electron Green’s functions in Eq. (C1), the electronic part of dJ‘l’g(ia),\) corresponding to the
diagrams in Figs. 4(a) and 4(c) becomes

Z Tr[G(k, ien)o Gk, ie, — x)o_G(k, ien)o. + Gk, ie))o_G(k, ig, + x)o Gk, ig,)o], (D1)
k
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where iw, is replaced by x. To evaluate the trace in Eq. (D1), we use

b d 0 d
o4 (Z d)a = (0 0) = 5(00 + 02),

o (i 2>o+ = (8 2) = 20— o0 (D2)
where oy is the 2 x 2 unit matrix. When x = 0, the trace in Eq. (D1) becomes
Tr[g(k lgn)()z—z(a() +0.)G(k, ien)o, + Gk, i n)()z—z(cfo 0.)G(k, len)Gz}
%Tr[g(k ien)(ien00 — £k0;)G(k, ig,)o:]
2
E [ien x Qign&) — & x ((ign)* + & — AF)]. (D3)

This vanishes since the last expression is odd with respect to k. The lowest order with respect to x becomes, in a similar way,
x Tr[G(k, ien)o .G (k, igey)o_G(k, iey)o, — Gk, ig)o_G (k, ie,)o, Gk, igy)o.],
- Mn[ga@ ien){—2ig,Er00 + [(ien)? + 82 + AZ]0. )Gk, ign)o]
2x

= m{_zié‘n& x (ie, &) + [(ign)z + Ekz + Aé] y
" k

2x .
= T gy 0o ~6T" -4}
n) Sk

which leads to Eq. (35). Other contributions in Fig. 4 are treated similarly.

[Ge)? + &7 — A2]}

(D4)

APPENDIX E: CALCULATION OF D(T)

_haT 5 (ign)? — & + AG
L 4 (e - E

_ 1 2AF
“Zfﬂﬂ{ k]

D(T) =

A2f/(+E) 2E2 —3A2
— + =0 g Cf(EE)
X[
2E? —3A2
F Tf(iEk) , (ED)
k

where f(g) = 1/(ef* + 1), i.e., the Fermi distribution func-
tion with u = 0. At T = 0, we have

1 < 2E} —3A2
D) = —— il S— E2
0)=—7 ij 357 (E2)
Using the relation
d (k 2E7 —3A}
()= (E3)
dk \ E} E}
Eq. (E2) becomes
kg
D) = ———~, E4
0) 87} (E4)

where we set the range of k as |k| < kg, as assumed in Eq. (3).

APPENDIX F: PHASE HAMILTONIAN AND
PHASON PROPAGATOR

The phason propagator (38) at T = 0 is derived from pre-
vious studies based on the phase Hamiltonian approach. The
model of a phason coupled to randomly distributed impurities
is given by [18,19]

1
Hy, = nhv’/a’x[pz + m(%y(V(i))z] (F1)

and

H' = Vopo Y _ cos[OR; + $(R)], (F2)

where v is the phason velocity given in Eq. (16) and v’ =
v?/|vg|. The first one is the field theory for the phase variable
¢(x), while the second represents the coupling to impurities
of CDW expressed in terms of ¢(x), which is derived from
the impurity Hamiltonian A’ in Eq. (1) and the charge density
p(x) in Eq. (6), assuming that v(r — R;) = Vpd(x — R;). The
electrical conductivity for a uniform electric field with finite
frequency w, o(w), is given as follows by noting that the
current density operator is represented as —(e/mw)d¢(x, t)/0t
[14,18]:

o(w) = ’;"( ) LD, 0;ie,)] (F3)

iw,— hw+is’
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FIG. 5. Feynman diagrams in the z-matrix approximation. Crosses represent the impurity potential, and the solid double lines show the

phason propagator.

where the phason Green’s function is defined by

B
D(q. ' siwy) =2 / dTe™ ™ (T,[p,(Db—yg O))  (Fd)

and ¢, is the Fourier transform of ¢(x), defined as

1 )
=7 / dxe™ " p(x). (F5)

It should be noted that the formulation in [18,19], in particular
the convention of w, is changed in accordance with the present
framework.

Here, we note that the phonon operator b, g () +

i 4(7) can be expressed in terms of the phase and ampli-
tude variables as

VL :
by (1) +b 5 (1) ~ g[AO 1 8A,(1)]# NN (Fe)

where 6 A, (7) represents the modulation of the amplitude and
3¢, (7) represents the deviation from the constant ¢. Substi-
tuting this expression into the phonon propagator in Eq. (7)
and using the expansion e°?(") ~ 1 + i8¢, (), we obtain

L
Dyi(g,T)~ —g—2<T [6A4(T)8A_4(0)])
(0]
LA
- g_2(T t[6¢4 ()84 (0)]),
(4]
L 2ig
D,y (g, T) ~ —g—2€ (TL[8A4(T)SA_4(0)])
(o]

LA% 2ip
+?e (T:[8¢p¢(T)8p_4(0)]).  (F7)
(4]

Hence, we obtain, by noting ¢, = ¢ + 8¢,
P(q, i) = D1+ (q, iwn) —e D, _(q.iwy)
LA2 iw,T
=-2-2 dre " (T [8pq(T)d¢—4(0)])
£0
L 2
= ——2D(q, i»,). (F8)

g

which proves the equivalence between Eqgs. (24) and (F3).

In a clean system without disorder this phason propagator
governed by (F1) is given by D(q, ¢'; iw,) = 84,4 Do(q, iwy),
with

4 v’

Do(q, iw, _
0(61 ) L 61)2 + hzv q

(F9)

By noting v = (m/m*)"/*|vg|, with m* being the effective
mass of the phason mode o(w), Eq. (F3), in this case for
spatially uniform electric field (¢ = 0), is

in,e*

o(w) = (F10)

m*e’
which is the same as that of LRA. Equation (F10) is consid-
ered to be a manifestation of Frohlich superconductivity in the
Peierls phase without disorder.

The effects of impurity scattering on the phason propagator
are given by the self-energy correction I', defined by
(D(q, q/; i0,))ay = 8q+q’ [DO(Q)_I - F]_l = 5q+q“@(Q9 iw,).

(F11)

The ¢-matrix approximation to I" is given by the processes in
Fig. 5. As clarified in Ref. [19], the effects of impurity pinning
can be classified typically into weak and strong, characterized
by the parameter ¢ = Vjpo/n;%i|vg|. We focus on the case of
weak pinning, ¢ <« 1, for generality. In this case, the first-
and second-order terms in Fig. 5 are sufficient. The first-order
contribution is given by

Vo Vopo

r Z cos[OR; + ¢(R)]. (F12)

This contribution is vanishing if the phase is rigid, i.e., spa-
tially constant. However, there is a gain in energy due to
spatial distortions of ¢, reflecting the distribution of impurities
leading to domains with characteristic size Ly, which is given
by (similar to a random walk problem)

It = —3Voo(niLo)'? /L. (F13)
Here, the size Ly should be determined by optimizing the
energy gain (F13) against the energy loss due to the spatial
distortion of the phase represented by the second term of
(F1), leading to (n;Ly)~" = (ame)?/?, where the parameter o
reflects the way of the phase distortion of the order of 7. The
study in [19] has indicated that @ = 33/2° is the best choice.
This is the essence of impurity pinning. The second-order
contribution is given by

I

X cos[QRj + ¢(R))]

; V. 2 /
= %((’Tpo) 27 L (=1 — dmh'T) 12, (F14)
v
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The self-consistent equation for I' =I'; + ', given by
(F13) and (F14) leads to

G=-2a""+ (=" -G, (F15)

where G = 47 hv'T"/y? and y = hw/y, with y = (m8)* 3wy

and wg = n;hv. For low frequency, y < 1, the solution of

the self-consistent equation for G with the proper choice of

parameter characterizing the effects of impurity scattering for
causality to be satisfied is found to be G ~ —ag + ia;y, with

ap = 1/2*3 =0.630 and a; = (2*3/3)!/2 = 0.916, which
leads to

D o+ i8) 1 4 v’
, W 4 = - )
1 L —(ho+ i0) + 102 + g0 — iiwg,
(F16)
where g0 = y2ap and g1 = yai. Equations
(F16) and (F8), together with v = v2/|vF|, v =
X/(1+X)1"?vg), and X :ngZQ/2ﬂ|UF|A(2), lead
to (38).
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