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Lattice vibrations in the Frenkel-Kontorova model. I. Phonon dispersion,
number density, and energy
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We studied the lattice vibrations of two interpenetrating atomic sublattices via the Frenkel-Kontorova (FK)
model of a linear chain of harmonically interacting atoms subjected to an on-site potential using the technique
of thermodynamic Green’s functions based on quantum field-theoretical methods. General expressions were
deduced for the phonon frequency-wave-vector dispersion relations, number density, and energy of the FK model
system. As the application of the theory, we investigated in detail cases of linear chains with various periods of
the on-site potential of the FK model. Some unusual but interesting features for different amplitudes of the on-site
potential of the FK model are discussed. In the commensurate structure, the phonon spectrum always starts at a
finite frequency, and the gaps of the spectrum are true ones with a zero density of modes. In the incommensurate
structure, the phonon spectrum starts from zero frequency, but at a nonzero wave vector; there are some modes
inside these gap regions, but their density is very low. In our approximation, the energy of a higher-order
commensurate state of the one-dimensional system at a finite temperature may become indefinitely close to the
energy of an incommensurate state. This finding implies that the higher-order incommensurate-commensurate
transitions are continuous ones and that the phase transition may exhibit a “devil’s staircase” behavior at a finite

temperature.
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I. INTRODUCTION

Recent investigations revealed that materials consisting
of two interpenetrating incommensurate sublattices, such as
Na,CoO, [1], Ca3Co040y [2,3], and Bi,_,Pb,Sr,Co,0, [2,4],
have very good thermoelectric properties. One reason for this
is that these materials have very low lattice thermal conduc-
tivity [3]. To understand their lattice thermal conductivity,
we need to know the lattice vibrational properties of two
interpenetrating sublattices. Some insights into this problem
might be obtained from studying the Frenkel-Knotorova (FK)
model.

The FK model describes a chain of classical particles
coupled to their neighbors and subjected to a periodic on-site
potential. This model has received much attention because
of its relevance to a wide variety of physical problems. The
FK model originally was proposed to model dislocations
in epitaxial monolayers [5,6], but its surprising ability to
describe many physically important phenomena, such as the
dynamics of absorbed layers of atoms on crystal surfaces [7,8],
charge-density waves [9,10], ferro- or antiferromagnetics [11],
and superionic conductors [12], has attracted much attention
from physicists working in solid-state physics.

Some simple classical models have been analyzed that
describe an atomic chain with nearest-neighbor interactions
and subjected to a periodic on-site potential [13—-19]. For
them, phonon dispersion, the dynamic structural factors of
crystals with incommensurate lattices were studied at the
long-wavelength limit. If the effects of lattice discreteness
are neglected, the long-wavelength limit transitions to the
continuum-limit approximation, and the nonlinear differential
equations of motion are obtained for these classical models.

PACS number(s): 63.20.—e, 63.20.D—, 63.70.+h

For the FK model, this approximation leads to the exactly
integrable sine-Gordon equation that possesses many interest-
ing properties and allows exact solutions describing different
types of nonlinear excitations [20]. However, the FK model
inherently is discrete and not exactly integrable [20]. There-
fore, this simple approximation will engender some deviations.
For example, Sutherland [21] and Gupta and Sutherland [22]
found that the phonon spectrum separates simply into two
branches in the continuum-limit approximation. The lower
branch represents the collective modes of lattice dislocations,
whereas the upper one corresponds to renormalized phonons
[13,23]. Following standard procedures in the theory of lattice
dynamics, the phonon spectrum may include multiple branches
[7,23]. Thus, the FK model at the simplest continuum limit
intrinsically may be too simple and misleading in some
cases.

Typically, the FK model utilizes an on-site potential to de-
scribe the interaction between two interpenetrating sublattices.
Classical theories have revealed some of the static and dynamic
characteristics of lattice vibrations in such systems [13-23].
However, classical theories mainly give the results using a
long-wavelength approximation, and temperature effects are
not considered in any of the classical theories; indeed, and the
discussion of lattice vibrations at low temperatures is beyond
the scope of the classical theory.

The present paper was motivated by our desire to understand
the thermodynamic properties of materials with two interpene-
trating sublattices. The formulation of thermodynamic Green’s
functions leads naturally to the evaluation of the energy of
a system via correlation functions. In Sec. II, we deduce
an expression for the correlation function resulting from the
FK model using thermodynamic Green’s functions. From this
correlation function, we obtained the phonon dispersion, the
phonon number density, and the energy of the system. In

“Author to whom correspondence should be addressed: Sec. III, we first use the general formulas deduced in Sec. II
gmeng @bnl.gov; zhu@bnl.gov to calculate the properties of some low-order commensurate
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states, and then, from these results, we extend the calculation to state. A detailed discussion of these findings is given; Sec. IV
commensurate states of any order, and to the incommensurate contains our summary and conclusions.

J
II. GENERAL FORMALISM

A. The Hamiltonian

We consider a system consisting of a lattice of atoms with harmonic vibrations that interact with an external perturbing
potential, i.e., the FK model. The total crystal Hamiltonian can be written as

H = Hy + H,, 2.0
where Hj is the harmonic Hamiltonian of the unperturbed lattice given by
1 1
Hy = ; hay; (a,jjakj + E) = 7 ; hwkj(A]J(;Akj + B,;Bkj). 2.2)

H, is the perturbation Hamiltonian arising from the external on-site potentials of the FK model, and wy; is the frequency of a
phonon with wave vector k and polarization index j. Hereafter, we use k to represent the pair of variables k and j. Ay and By are
phonon operators that we define in terms of the usual phonon creation and destruction operators a;” and ax: Ay = a; +a*, = Afk
and Bk =dai — afk = —Birk.
We can write the external on-site potential of the FK model as
Hy =" Voll —cos (g x)], (2.3)
l

where g is the wave vector of the periodic external potential and X is the position of an atom [ of the linear chain. For one
dimension, g = 27”, where b is the period of the on-site potential; x; = al + u;, a is the lattice constant of the linear chain; / is an
integer; and u; describes a deviation from the lattice’s original equilibrium position. V is the amplitude of the on-site potential
of the FK model. Assuming that u; is small and only considering the one-dimensional case, H; can be written to the fourth order
in the deviations from the original equilibrium positions as follows:

1 1 1
H = Z Vo{l — cos (gla)[l - Z(gul)z + Z(guzf] + sin (8161)[8141 - 5(8“1)3} } 2.4)

Using

no\'? 1
u = <m> Xk: W exp (ikla)Ay, (2.5)

and ignoring the constant term in H,, H; is
Hy =Y Cilk)Ax, + Y Colki,k) A A, + Y Calki ko, ka) Ak A A+ Y Calk ko ks ka,) Ax, Ay Ar, Ar,, (2.6)
ki ki,ka ki,k2,k3 ki,ka,k3,kq

where, for a one-dimensional Bravais crystal of N atoms, each of mass m,

inVy (hN\"?
Cilkn) = —— 0 (%> o, " P[AK + 8) — Atk — 9], (2.7a)
2RV, _

Co(ky,ky) = szo(a)klwkz) (1/2)[A(k1 +ky+g)+ Atky + ko — 2)]1, (2.7b)

i213Vy [ b\ _
Cs(k1 ko k3) = 2 (—) (0 0nok) T PTAGK + ko + ks + ) — Atk + ks + k3 — 9], (2.7¢)

33Nz \2m
_ 7T47i2VQ —(1/2)

Cylky,ka k3, kg) = —m(wk,wkzwk3wk4) [Aki +kathks+thka+8)+ Akt thka+ ks +ka—g)],  (2.7d)

with A(k) = 1 for k = 0; otherwise A(k) = 0.

B. Thermodynamic Green’s function and time-correlation functions

To evaluate some necessary correlation functions, we need to know the thermodynamic Green’s function for this model,

Gt — 1) = ((Ag (), AL (1) = —ib(1 — 1) {[Ay(1), AL ()]). (2.8)
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0(¢) is the step function. The time-correlation function is

Qig(t — 1) = (AL (1A, (D). (2.9
The brackets (- - - ) represent the thermodynamic average over a canonical ensemble. Namely, for any operator O,
(0) = w,
Tre—PH
where 8 = Lk g is the Boltzmann constant, and 7 is the absolute temperature.

ksT’
We define the Fourier transforms G ;¢ (®) and Ji, () of the Green’s function and the time-correlation function as follows:

[e.¢]
Gt — 1) = f Ga(@)e " dw, (2.10)
and
[o9) ) ,
Qrgt — 1) = / Jig(@)e " daw. (2.11)
Jiq(@) is the spectral-density function and is related to the Green’s function by
2 ~
Jj =———ImG i£), 2.12
(@) = = I Gl + i) 2.12)

where ¢ — 0 is implied.
Following Pathak’s method [24] and the detailed presentation in the Supplemental Material [25], the correlation functions can
be obtained

) + L v o o ot
0}y () = {af 0)ay) = § 1+ o o o Jeg(@)e ™ dw, (2.13a)
—0o0 q q
1 [ 2 .
02(1) = (@ 0al (1)) = — / 1+ 2424 Jp(@)eP e dw. (2.13b)
1 a 4 ) wr Wy wpwg

C. Calculation of the thermodynamic Green’s function

As discussed above, the Green’s functions must be known to calculate the correlation functions. We used Zubarev’s method
[26] for obtaining them in this paper. From the equation of motion for an operator O(t),

00(1)
ih =[0@),H],
th— [0(1).H]
the equation of motion for the Green’s function G (t — t') is
. 0G gk
la_tq = w,G). (2.14a)

and
(lk)
ih— = = 208(t = 1)dgi+ hogGe +4 D Calkt, = )G +6 ) Caki ko, — @A, A, A7)
ki kika

+38 Z Calky,ka,k3, — @) Ak, A, Ars AT)), (2.14b)
k|k2k3

where G{)(t — t') = ((By(6). AL (t)))) = —i6(t — t'){[By(1), A} (t)]).
To obtain G4, we employed some approximations. For example, the last term of the right-hand side in Eq. (2.14b) was
decoupled according to the relation [24,26],

{(abcd) = (ab)(cd) + (ac)(bd) + {(ad)(bc). (2.15)

To discover the Green’s function F,(CBQ v = (A, Ag, ,A,'f(t’))), contained in the third term of the right-hand side in Eq. (2.14b),

we need other new Green’s functions 'y, , = ((By, Aiy. A (1)), T i = ((Ak, Biy AL (1)), and T = ((By, Bi, A (1)) as
is apparent from the following equations of motion:

8F1(<1;< k 2 3
za—; = o, Tip + @6 Tk (2.16a)
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F(z)
ih% = how, T + how Tie +2C1(—kD) Gk +4 Y Cok], — kl)r,ﬁg,lzk +6) " Ca(ky k), — ki)((Ak A, A, AT))
7 Kiky
+8 > Calky kg ks, — k[ Ak Ak Arg Ak, AL ), (2.16b)
Kiksks
8F1(c33c k (4) (1) (1
ih 8|t 2 — hwkl Fklkzk + hwkz Fklkzk + 2C1(_k2)Gk1k + 4 Z C2 (kl’ - kz) Fklk{k + 6 Z C3(k/ ,ké, - kz)((Ak] Aki Aké,A;r»
7 Kiky
+8 ) Calky Ky ks, — ko)((Ak, Ak Aiy Arg AL ), (2.16¢)
Kiksky
3F]((4;( k 3 2 1 1 3 2
i = ha, Tihok + Mo Tpy + 2C1(=kDGiy + 201 (k)G +4 D Gk, — kDT, +4 ) Colky, — k)T
K 7
+6 > Ca(ky. ks, — ka){(Br, Ay Ang AL ) + 6 ) Calky Ky, — ki) Ak, Ar, Bio A7)
Kiky Kk
+8 > Calky Ky ks, — ka)((Br, Ay A Aig Af ) +8 D Calky ky.ky, — k(A Ag Arg By A ). (2.16d)
Kikah, Kikak,

To solve Eq. (2.16) to obtain these Green’s functions, we neglected the five-operator Green’s functions, and the four-operator
Green functions can be decoupled as sums of the products of the two-operator correlation functions and the two-operator Green’s
functions. Using Fourier transforms and N, = (A,':Ak), Egs. (2.15) and (2.16) become

“’Gq»k = Wy GE,I.)k’ (2.17a)
. ks - - N
hoG) = =2 + hwy Gy +4 Y Catky, — )Gryi +6 Y Catki ko, — T,
T kl k]kz
+24)  Calki ko, — ko, = NG (2.17b)
kika
and
= (1 =(2 =(3
wr/(ﬂ;(zk = @ F/(q;czk + wkzrlil])qzka (2.18a)

hol'l) = hog T, + hog T, +200(—k)Gri +4 Y CK;, — k)T,
Ky

+6 ) Ca(ky, — ki, — k)N G + 12 Ca(ky, — ko, — k1)Ni, G (2.18b)
ki ki

hol0) e = hog T + b T) + 201 (—k) Gk +4 ) Ca(k], — kz)f,i};i ;
K

+6> " Ca(ky, — ki, — k)N G + 12 Ca(ki. — ki — ko) Ny G (2.18¢)
K K

hol' = hoy TF + ho U0+ 2C1(—k)GL) + 2C1(—k)Gl ) +4 ) Calk], — kl)f,@zk +4) Gk, - kz)f“fj}{ik
K K

+6) Ca(kj, — ki, —k)Ny Gy + 12 ) Ca(kf, — ki, — k)(Bi, AL )G
ki

K
’ ’ ~(1 ~(1
+6)  Ca(ky, — ki, —kDNG Gy + 12 Ca(k, — ko, — ko)(Af, Bi,)Gl ). (2.18d)
K K
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D. The number density of phonons

From these correlation functions, we calculated the number density of phonons from Eqgs. (2.13a) with k = g and t = ¢/,

1 o0
ng = <a;ak>=1/
—0oQ

2
(1 + 3) Tu(@)do.
Wy

(2.19)

E. The energy of the system

The energy of the system is given by the thermal average of the Hamiltonian,

E = (H) =) hodaia) + (Vi) + (V2) + (V3) + (Va).
k

(2.20)

The usual zero-point energy of the harmonic crystal was ignored, and

(Vi) =Y Ci(k)(Ap),
k

(Vo) = > Calky ko) Ar, Av).

ki,ka

(V3) = Y Calki.ka.ks)( A, Ar, Ag,).

ki,ka k3

(V4) = Z Calky, k. k3,ks){Ar, A, Ar, Ar,)-

ki,ka k3 ks

(2.21a)

(2.21b)

2.21c)

(2.21d)

Following Pathak’s method [24], the energy of system can be simplified as follows:

2

1 */ w w
E=-Y ho / (3—+2——
42}; k —00 a),% Wi

1>Jkk(60)dw — (V2) — 2(V3) — 3(V4),

(2.22)

1

where (V,), (V3) can be obtained from Green’s functions qu(w) and f‘k2k3kl(w); (V4) are evaluated using the decoupling

approximation in Eq. (2.15) and qu(a)). The detailed processes are presented in the Supplemental Material [25].

III. APPLICATIONS

In this section, we apply our results detailed in Sec. II
to obtain the properties of various cases of the periodic FK
models.

A. a=b»b

In this case, the period of the FK potential equals that of the
lattice chain, i.e., g is the reciprocal lattice vector. The C| and
C3 terms in the FK model vanish, and we get the following:

72hV, _(1/2
Caky ko) = ma20 (0n0r) P A + k), B.1)
7'[4712‘/0 —(1/2)

Cylky,k k3, k) = _m(wklwkzwkgwh)
X A(ky + ky + k3 + ky). (3.2)

For this case, solving Egs. (2.17) for Gq,k yields

~ 1) k ,
Gojp=+——T | 3.3
ok T @ — w2 — M, ©3)
where
47T2V0 47T4hV0 1 +

= Zw—<Ak1Ak,>. (3.4)

o Pk

(

(M)'7 is the shift in frequency due to the FK potential. Letting

5)/((1) = (w} + M))'”, we obtain the spectral-density function

from Eq. (2.12),

8(w—a") —8(w+ @
Ji(w) = e ( keﬂ)hw _(1 k )

(3.5)
&P

Using Eq. (3.5), we then get

oo ,Bfid)(l)

Ju(@do = 25 coth e G6)

Ne = (Af Ar) =/ —
w

—00 N

The number density of the phonons is

| o\’
ny = —/ 1+ — ) Julw)dow
4 —00 Wi

1 ~(1) h~(1)
= L 4 O com PRy,
4 5)](() Wy 2

The energy of the system then becomes

E = Zhwknk + (Vo) + (V4).
k

(3.7)

(3.8)

Using a similar method as that detailed in Sec. I1 E, (V) is
2

1 R 1
(Vi) = ¢ ij/_oo fm(% - 1>Jkk(w)dw —5(V2). 39

k
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FIG. 1. (Color online) Phonon dispersion for a = b without the
FK on-site potential (black solid line) and including the FK on-site

2

V .
T2 = 0.1 are used in the
ma

potential (red dashed line). w;, = 1 and
calculation.

(V») is obtained from Egs. (2.9), (2.11), and (2.21b),

7?hVy 1 [
(V)= —2— | Ju(@)do.

- ma? oy J_o

(3.10)

Then
3~(1)

1 1 wy Wi 8712V0
EZ_EZhwk-’_gZhwk( o +?+—I((1)
k k

1) ma’wi®
h~(1)
X coth (ﬂ ;)k .

If M, =0, i.e., if we ignore the action of the FK on-site
potential, we readily find that Ny = 2n; + 1, whereas n; and
E become the results of the harmonic approximation from
Egs. (3.7)and (3.11).If M, # 0, ashiftin frequency will result.
In Eq. (3.4), the first term depends only on the amplitude of
the FK on-site potential; the second term also will depend on
the temperature.

The phonon dispersion for a = b is

(3.11)

o = (o + M) (3.12)

When we continue only up to the quadratic term of the
on-site potential, Eq. (3.12) becomes simple because M,
is a constant. Then, the frequency spectrum has a finite
value (M;)'” at k = 0, consistent with some previous results
[7,13,23]. The unperturbed normal mode frequencies for the

linear chain are given by
. [k
wy sin 3

where w/ is the largest frequency. As an example, Fig. 1 shows
the results of the dispersion of a monatomic linear chain with
a = b calculated using Eqgs. (3.12) and (3.13). In this figure,
we used the normalized frequency, i.e., let w;, = 1. We also
took the amplitude of the on-site potential to be 7::(1‘20 =0.11in
the calculating of Fig. 1.

W = , (3.13)

PHYSICAL REVIEW B 91, 224305 (2015)

If the quartic term is retained and the sum in Eq. (3.4)
is replaced by an integral, Eq. (3.12) becomes an integral
equation [see Eqs. (3.4), (3.6), and (3.12)] that can be written as

phaf”

(cb,((l))2 = + oth

47V,  2miRV, /” dk

— —=C

ma? m2a* ), 5)}({1)
(3.14)

For high temperatures, Eq. (3.14) can be written approxi-
mately as [25]

47T2V()
1 = x(B)],
a

(@) = o} + - (3.15)

—(12)

47{2\/0 )_(]/Z)]‘

where 3
ma

2 h 2
X(B) = ZRIEE + Z(53h) (] +
~ (D)
k

We replaced the @, within the integral sign on the right-
hand side of Eq. (3.14) by (@)’ = w? + %, and wy =
|wp sin(5)].

Using Eq. (3.15), the effect of temperature can be estimated.
For this example, we take w; ~ 2 x 103 s~!, atomic mass
m~35x102 kg, lattice constant a ~ 0.2 nm, Vy ~ 0.5 eV,
and then % ~0.lw7. At T =300 K, we obtain x(B) ~
0.01. In this case, the effect of temperature is very small. But
if Vo ~ 0.05 eV, x(B) ~ 0.15, then the effect of temperature
cannot be ignored. If the temperature is high enough, or V; is
small enough, then the frequency from Eq. (3.15) may become
imaginary, and the crystal will become unstable.

Bhay”

For T — 0, substituting coth 7= = 1+
23, exp(—nﬁhd),({l)) into Eq. (3.14) and using Laplace’s
method [27] to calculate the integral in Eq. (3.14) (the detailed

processing is shown in the Supplemental Material [25]), we
have

472V, 4R (Vo /2
e

ma? 3\ m

ma-
A2y~
x K |:(— 0) wr | = a),% + (Aw,((l))z,

ma?
(3.16)

where K (x) is the complete elliptic integral of the first kind.
We will use similar methods to detail the number density and
energy. Since cbfcl) # wy from Eq. (3.16), the number density
of phonons does not vanish at absolute zero. It is

(ac(")’

3.17
166{)2 ( )

ny =

Using w; ~ 2 x 1013 s7!, atomic massm ~ 5 x 107> kg,
lattice constant a ~ 0.2 nm, V ~ 0.2 eV, and then ’fnz a‘é" ~
0.04w?, we find that n; ~ 0.01%. This percentage corresponds
to about 10?° vibrations per mole.

The zero-point energy is
1 1 82hV,
Eo=- 'k Z
0 2; wk+8;|:ma2a)k

2
N (1 sl ) hAw) |
ma’w? g

(3.18)
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)
B. a=;

For this case, the wave vector of the on-site potential g = 7 is half that of the reciprocal lattice vector. The difference between
k + 7 and k — 7 is a reciprocal lattice vector, meaning that f(k + Z) = f(k — %) for any function of the lattice. Therefore, the
contribution of C; and C; terms in the perturbation Hamiltonian vanish, and

ﬂth —(1/2 T
Calky kr) = 4—20(60,{@,{2) a/ )A(k1 iy —), (3.19a)
ma a
N4ﬁ2V0 —(1,2) T
Cylky,ko,k3,kq) = _m(wklwkzwkgwk4) A(kl + ko + k3 + ks — 5) (3.19b)
Equation (2.17b) becomes
~ 1) ~ 7%V, TRV, 1 _ ~
1 k 0 0 1/2)
wGZ}( = % + wy Gq,k + [W — m Z w—(AZ;Ak2>:| (a)q+(,,,,,)a)q) Gq+(ﬂ/a),k. (3.20)
ko 2

Substituting ¢ — ¢ + Z in the subscripts of Egs. (3.20a) and (2.17a), we obtain another two equations that are represented in
Appendix A.
Combining Egs. (2.17a), (3.20), (A1), and (A2), we obtain

1/2 -1
5 _ 18k + dqiiuia Ma(@q g /) (@ — 0 ay)

ak = — , 3.21)
i ®? — 0] — M3 (0? — w§+(n/a))
where
2 4
T V() T hV() 1
My="—————% —(AfA). 3.22
YT ma?  4m2a*N kz a)k2< o Ak) (3-22)
2
We define
1 .
> 2 = Aytiay (@) = iT g ia)(@)- (3.23)
@7 = By i (w/a)
Here,
1
Agia)(@) = P——F—, (3.24a)
)
Lytniay(@) = 778(602 - w§+(n/a)), (3.24b)
where P denotes the principal value. From Eqgs. (3.21) and (2.12), the spectral-density function is
12
2MT g 4 a) Sqk@q Mo + 81 (ujark e N ")5) (3.25)
kg = ho _ 2 :
7'[(8/3 1) (w2 - ws - M22Aq+(ﬂ/u)) + F;-ﬁ-(ﬂ/a)M;
From the spectral-density function, we obtain
2 ®© 1 M2T ks rimd
Ny = 0k o T - 22 k+(/a) 2‘” ~ -, (3.26)
T oo € = (02 — 0} — M3 Apiy)” + Uit M3
and the number of the density of phonons is
_ Wi o 1 w 2 1 M22Fk+(n/a)da) 397
"o wr) e —1 (0 2 2 2 2 4 (3.27)
o k (@0? = wf — M3 Atsria) ™ + Uis oM

Ny and ny can be simplified when the damping Mk ( (7 /) is small. At this limit, Ji, has a steep maximum at w* =
w,% + M22Ak+(n /a)- The integrals are evaluated approximately by replacing the peak distribution by a Dirac § function. We then

obtain
ﬁ(Z)(z)
N, = %coth (ﬂ k) (3.28)
@y 2
and

1 ~(2) h~(2)
meo= o (2 1 2 Y com (£R2) |, (3.29)
4 d)k Wi 2
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~(2) ~(2)

where @, = (0 + M3 Aki(nm)'?. When oy is close to @&;
correctness of our derlvatlon
The energy of the system from Eqs. (3.8) and (3.9) is

we can replace N by 2n; 4+ 1. We use this limit to check the

1 1 367)(2) Wi 7T2VQ M2 Ak+(n/ ) ﬂh&)(z)
E=— hog+ - ho| = + — + D ) coth —*—. (3.30)
The phonon dispersion for a = % can be determined from
-1
~(2) o[ ()2 2
@) = 0f + M3[ (@) — WRsiurn] - (331)
Solving Eq. (3.31), we then obtain
1 1 —271/2
~(2)
(0)" = 5 (@8 + @) £ 5 (@ = @)1+ 403 (@] = 0 ) ] (332)

The dispersion relation of the normal modes has two branches. Figure 2 shows the phonon dispersion with normalized
frequency w; = 1 and 7::_&\/20 = 0.1 when we ignore the quartic term from the perturbation.

The discussed method of the dispersion dependence on temperature is similar to that for a = b if the quartic term from
perturbation is not ignored.

b
C. a= 3
In this case, the wave vector of the external potential is g = 3—”, and the difference between k + £ and k — —’a’ is not a
reciprocal lattice vector. Then, the contribution of the C; and C3 terms in the perturbation Hamiltonian cannot be neglected. To
simplify our calculation, we first keep the C| and C; terms and ignore the C3 and Cy4 terms. The C; term naturally vanishes in

this case, and so Eq. (2.17) can be written as

0G g = 0, G} (3.33a)
- ) o - _ -
| k _ a2
“’G;k) = % + 0y G gk + 02(0g— 27 30y 0g) ™ VP G y—2r prark + 2 (W42 300 / Gyt@n/3a)k- (3.33b)

Replacing g by ¢ — 5 and g + & 3+ in Eq. (3.33), we obtain four other equations [Eq. (B1)—(B4)] that are shown in Appendix B.
Solving the six equatlons the Green’s function is

S
G = LWy + gt f30)Dgrn3a) T Pg—@r3a0) Dg—@r3a) + 1 Bg+@r3a)l g @n/3a) + Bg—@r3a)Tg— (2n/3a)) (334)
gk = )

3
? — (& ()) + (g 3yl g+@r30) + Pg—r/30) g—n j3a))

where
172
o wq/ s 1/2 o2 s 12 _ s 1/2 s 1/2
Pq+r j30) = q+Q7 3k DLy (27 3a) ~ o2 — 2 ( qk @y~ = Oq+Q27 /3a)k Pyt (27 /3a) — ‘]*(2”/3a)kwq7(2n/3a)) )
q+Q2m /3a) q—2m /3a)
(3.35a)
172
_ Otzwq/ 5 172 %) (5. ol/2_s 172 5 172
bg—27/30) = q—Q2n 3k D@y (27 /3a) 2 — o2 gk @, —0g+Q2n [3a)k Py (27 /3a) — q—(zﬂ/3a)kwq7(2n/3a)) )
q—(2m /3a) q+Q2m /3a)
(3.35b)
2 2 2\( 2 2 -1 3(,2 2 -1
g+er s = —{ea[ 1+ (0° = 09) (@4 or a0 — @4 pn) | +200(0) 400 /30 = Og-grjpw) - (3.35¢)
2 2 2\(, 2 2 -1 3(,2 2 -1
Qg-r ) = — {03 [1 4 (0® = 0) (0] _ 22 j30) = ©gr2ns30) |+ 205(05 0 j30) = ©ir2nsza) ) (3.35d)
2%V,
= ——H, 3.35¢
2= ( )
(N2
(wf)) = “)3 — Qq+n 3a) Dg+2n/3a) = Pg—@n [30) Dg—@n j3a)- (3.350)
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From the Green’s function, the spectral-density function is

2

Jg = 7eﬂfw —

wq + Ggt@rs30) Dg+@rza) T Bg—@nj3a) Dg— (2n/'§u))(¢q+(2n/'§u)Fq+(27/'§a) + @g—r 3y Tg—r 3ay) — [0 — (wq )) 1(bg+@n 30U g+@n/za) + Gg—@njzalq— (27/1(:))

[w? (wm) ] + (Pq+x 30 Tg+@as3a) + Ca—r s Tg—or 30
(3.36)

If (0g+0n payl g+ pay + Cq—7 sy g—2x say) 1s small, we can replace the Breit-Wigner form of the spectral-density function
by a Dirac § function and have

Wi Ot%

Ny =

B ~(3)
~(3) |:1 3 5 (Ak+@r/3a) — Ak(2n/3a)):| coth < L. (3.37)
Y 2
Wy +nf3a) ~ Pq—@r /3a)

and the number density is

2
) N -03) W\ 26
I |:1 _ 5 (Akyn3a) = Ar—@r/30) 1+ [ & coth B ;0 _2oc | (3.38)

-0 2 2
Ad Wy +r/3a) ~ Pg—r/3a) Wk Wk

The energy is

2
1 Wy a3 (Akson3a) — Di—@n/3a) 67);({3) B 7167)/({3) 267);((3)
E:Zth(g)[l— = = 32 ) =1 feo () - =2

W4y /3a) — Pg—(27/3a) Wk

~(3)
Bhd, 2000 (A k2 j3a) — Dk—@2x /3a))
- Zh (3) 2k Ak+(27‘r/3u) + Ak—(2n’/3u) + - (27 /3a) > (27 /3a) ) (339)
Oytr@nj3a) ~ Pg—@n/3a)

If we retain only the C; and C; terms, the phonon dispersion becomes independent of the temperature. From Eq. (3.35f), the
dispersion can be calculated: Fig. 3 shows an example. Three branches are found in this calculation.

Next, we will consider the effect of the terms C3(k;,k»,k3) and Cy(ky,k2,k3,k4). Accordingly, we must calculate another kind of
Green’s function f‘,({:,){z «- The additions are too complicated for the calculation if we do not use approximations. First, we assume
that the dispersion of phonons remains centrosymmetric, i.e., w; = @—_x. Then, Cl(—kl)szk and Zk; Cs(ky, — k; ,—k1)Nk; szk
in Eq. (2.18) can be ignored. From Figs. 1— 3 we find that the approximation is reasonable. Second, we retain only the linear
term of the FK potential in the calculated [*{! 5 k ¢~ In this case, some equations can be rewritten. Equation (3.33b) becomes

(1 k ~ —(12) (1)) A
wGE]k) = % + @y G + (@2 + 1)@y —2r 30)@) " P Gy —@n sak + (@2 + @)@y +2r 30)@g) P Gy 2n 3ark

—(1/2) (1) 2r 2
+ §a3(wklwk2wq) Fklkzk[A <k1 t+hky—q+ 5) — A(k1 t+hky—q— 5)} (3.40)
152

Using the same method as above, other equations are obtained as shown in Appendix B [Egs. (B5) and (B6)]. We first need
to know F(U 1,k 1If we want to obtain qu from Eq. (3.40), From Eq. (2.18), we have

2 ~(3)
wrklk v =0 T+ o T (3.41a)
(2) (1) “) (1/2) =(1)
Fklk k = Wk Fklkzk + Wy, Fk ok Tt 0‘2(wk1wku+(2n/3a)) Fk1+(2n/3a)k2k
—(1/2) =1
+ 2 (0k, 0k, — 27 3a)) F;(c,)_@n Sk T P1(k1, k2, k), (3.41b)
3) (1) (€] 1/2) m (1)
Ol = @0 Dpor + @6 Tir + @2 (00,06 107 30) Dl @r 3k
—(1/2) =(1)
+ a2 (01, Wy -2 /30)) Fl(c fo—r 3k T P2(k1,k2,k), (3.41¢)
and
4) ) =(3) —(1/2) =(2) (1/2) =(2)
wrklkzk Wk, Fklkzk + o, Ty o + 2 (wkzwkz+(2ﬂ/3a)) Fk1k2+(2n Jayk T @2 (wkzwkz (271/30)) Fklkr(zn /3a)k
—(1/2) %(3) (1/2) =3
+ar (wklwk1+(27r/3u)) F( ko +Q 3a)kok + o2 (a)k,wkl (271/3a)) F( ) — @7 3a)ksk + D3(ky, ko k). (3.41d)

Using replacements g — 3a —gq and g + 5 2t _, g, other equations about F,(jk . are obtained; they are listed in the

Supplemental Material [25]. Solving the system “of equations and only keeping the linear terms of the FK on-site potential,
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(1)
'} 1,1 becomes

o3

1 1
Z(wklwkz)(l/Z) |:w2 — (o, + wkz)2 w? — (o, — wk2)2i|

2 2 2 2 2 2
W —w, +w W+ w, —w
x [—"' LN + ————E N+ 20(N + N,ﬁf))]

SO
Fk]kzk -

a)kz a)kl

X [(@ky +hs—r 30) " P Gy sto—an 3k — (kg kot 30) 2 Gyt 42 3k ] (3.42)

Substituting Eq. (3.42) into Eq. (3.40) and using replacements g — %—Z—)q and g + %—Z—n], we have three equations about
G gk and qu , viz., Egs. (B7), (B12), and (B13) in Appendix B. Combining Egs. (3.33a), (B1), (B3), (B7), (B12), and (B13), and
only keeping the squared terms in «y, 3, and a4, then the Green’s function qu can be obtained as follows:

& - —wq—t—ReE—i—zImé
* —w2+Ref+ilmg’

(3.43)

where £ and ¢, respectively, are two functions dependent on vectors k and g. “Re” and “Im” represent their real and imaginary
parts. The details of £ and ¢ are given in Appendix C, and their real and imaginary parts are given in the Supplemental Material
[25]. From the Green’s functions Egs. (3.43) and (2.12), we obtain the spectral-density function,

2 (irﬂwq +Re E)Im ¢ - [a)2 - (67)513))2]Im £

Jig = : (3.44)
— 2.2
exXp (,Bha)) 1 [a)2 _ (LT)?)) ] + (Im {)2
where (@”)* = ] — Re ¢. Then, the Nj and the number density are
ﬂhﬁ‘(%)

Ny = (3) (1 + —Re %') coth 7 (3.45)

@\ ? Bha®  a»
e = 1+ Re V14 (2) |cotn e _ % L (3.46)

oy <3> P 2 o

The effects of C3(ky,k;,k3) and Cy(ky,ko,k3,ks) are included in Re ¢.

The energy of the system calculated from Eq. (2.22) is very complicated for a = %’. It is represented in the Supplemental
Material [25]. Undoubtedly, when the cubic term is considered into our calculation, it becomes very complicated. However, we
emphasize that the cubic term is important to thermal conductivity, even though the influence of the cubic term can exist only for

a third-order state or a higher commensurate one [28].

D. a=s,b
s, is a rational number less than one. In this case, there is an integer n for which ng = 2”% is a reciprocal lattice vector.

This means qu = Gq+ngk, Wy = Wgyng. Ignoring the effect of the cubic and quadratic terms of the FK model, we have from
Egs. (2.17a) and (2.17b),

o 1/2 w. \ /2 8o
(0 —]) Gy + a<—4) Gysin—tygk + a( ! ) Gyigh = ;. (3.47)
Wq+(n—1)g Wytg T
Using the substitutiong — g + g...q — g + (n — 1)g, we obtain a matrix equation,
w \1/2 © 1/2
a)z—wg a(wj ) 0 0 O‘(w+(q,l) ) ~
o\ 12 5 "gz o \ /2 e Gqu
q+tg —_ qts e
0[( o ) 0”— W, a(wlﬁzg) 0 0 'q.+.gk
1/2 12 G g+ (n—1ygk
@g+(n—1yg - Dg+(n—1)g 2 _ 2
a( o ) 0 0 o (wﬁwizm) W° = W)
5111{0)4
5q+xqu+g
= ™ , (3.48)

8g+(n— Dk Dg+(n—1k
P2
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where o = 2” V“ . If we require solutions accurate only to the squared terms of «, the solution of the equation is
A 1 Sy — 0“7(1r) +a? (13 ;) 77(;))
Gy = - ; > = = (3.49)
W —w; —a 2(6,” + 0, )
where
"= V2 (Agyg —iT 5 V2 (Ag g —iT 3.50
N = 8ok (0g@q1g) T (Agig — iTqg) + 8g-gr(@Wgwg—g) ™ (Ag—g — iTq—g), (3.50a)
1/2 /2
(a) Wq+42 ) . . (wgwy—> ) . ,
né’) =442 gk%(Aqug — Dgrag = iTqug +iTq12) + ‘Squgkqu(Aq g — By =il +iTy 2),
Bg+g — Pgt2g @g—g — c‘)q 2g
(3.50b)
n—2
A - A —ill +ill
ngr) -5 kg Z q+sg q+;v+1)g - q+sg T q+(€+l)g (3.50¢)
s=1 Bgtsg — Pyi(s+1)g
0 = Ay g —iTy g+ Dgrg —iTyu, (3.50d)
n—2 . .
- A — A — il +il
95 ) (a)z _ a)é) Z q+sg q+§S+1)g : q+sg q+(s+1)g_ (3.50e)
s=1 Wqysg — qur(erl)g

The A and T, respectively, are similar to the definition in Eqgs. (3.24a) and (3.24b). The spectral-density function can be
obtained from the Green’s function,

2
m[exp(Bhw) — 1]

L+ oo+ Refen? oo — ) + o = @ Pl 20 D)

o7 = @)'] +a[im(ey” +o")]

Jig = —

where (3)? = 2 + a’Re(0)” + 65").
Next, we use Ji, to evaluate some physical properties. First, the correlation function Ny is

@q ﬁhw(r) +sg — Dgts+1)
Ny = —% coth o? Batsg = Bg g (3.52)
( ) 2 521: q-Hg §+(s+1)g

The number density of phonons is

(o & pha,” 25 Bkt — Mg
=—||—+—— th -2 3.53
M 4|:<5)l(€r) + o ) 2 Z ) (3-53)

s=1 a)kJrsg a)kJr(erl)g

To calculate the energy of the system, we first must evaluate (V5),

ho? coth phay”
(Va) = - T(Ak ¢ T Diag) (3.54)
P @,

Using Eqgs. (3.54) and (2.22) and ignoring (V3) and (V4), the energy of the system is

~ ~ ﬁhwm
3o @) hay” Atpsg = Mbisti ha® <— coth £22%
Zhwk|:< (r/; Lk cothﬂ 2k _2 ZZ k+sg 2/<+(3+ g ) _ TZT(A" o+ Asre).
@k s=1 wk+sg wk+(a+l)g k Wy
(3.55)
E. a=s;b
For this case, s; is an irrational number less than one, meaning that that our system is incommensurate, and g = 2% Any

integer multiple of g is not a reciprocal lattice vector. To simplify our calculation, we also ignored the effect of the cubic and
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quartic terms of the FK on-site potential. Combining Eqs. (2.17a) and (2.17b), we obtain

o 1/2 o, \!/2 5o
(0 — @) Gy + a( E ) Gy—gk + a( B > Guigk = ——w,. (3.56)
Wq—g Wq+g 4
Equation (3.56) can be written in a matrix form
0 0 0 0 0
o — = 2 0 0 0 0 5
q-2¢8 Wq—g Gq72gk
g \1/2 2 2 wg_g\1/2 ~
0 a(—wq{i) o -], ( (j}qg) 0 0 0 q—gk
w, \1/2 2 2 w, \1/2 G
0 0 a(wqig) w® —wy a(KL) 0 0 ) qk
0 0 0 a(@ee)'? 22 ()2 o || Garer
wy q+8 Wyt2g G
wg42¢ \1/2 2 2 q+2gk
0 0 0 0 a(ﬁ) W™ — W, s,
0 0 0 0 0 e
8g—2kwq—2¢
T
Og—gkWq—g
T
— Sk,
= - ) (3.57)
Sqtek®qig
b
Oq+2gkPq+2g
b1
where ¢ = — 2” s¢. In principle, the extent of this set of equations is infinite. We cannot solve them accurately, but since we only

require accuracy to quadratic terms in o, G gk can be written as

. Loy +am + e () — ny)

k= (3.58)
T 2 w? -« (01(’) + 92('))

where 7\, 73, and 6" have same form as 7', 1", and 6" in Egs. (3.50a), (3.50b), and (3.50d), respectively. 7\’ and 65" are

2

(t) q sg q (s+Dg — ir‘qﬂg + irq*(erl)g Aqﬂg - Aqu(Hl)g - irqﬂg + irq+(s+1)g
= Sqray Z 5 + > 5 . (3.5%)
Wg—sg ~ Pg_(s+1)g Wgtsg ~ Pgt(s+1)g

Aj_se — Ag—(s — il e+l s Agise — Dgies i) WERPSE o )

2 q—s8 g—(s+Dg q-s8 q—(+Dg q+sg q+Gs+Dg q+sg g+G6+Dg

0 = (0 —}) ) [ > . + . . . (3.59b)
s=1 Wy—sg — Pg—(s+1)g Bgtsg — Dgi(s+1)g

The spectral-density function is obtained from the Green’s function,

2
m[exp(Bhw) — 1]
otm(6]” + 65" {840, + Re[an + (1’ — )]} + [o? — (@) Jim[een” + o2 (1 — n{")]
[0 = (@)"] +a*[1m(ef” + )]

Jog = —

. (3.60)

where (cbfl"))2 = a)g + (sze(Gfi) + 92(1')). From J,, the correlation function Ny is obtained

h~(1) A — A
Ny = %c " { o Z[ q e nal B (3.61)
‘1_ g

q G+Dg  Pgtsg — Pyis+1)g

The number density of the phonons then is

1 P hay Abose — Diis Atise — Drits
ng = Z[<%+w—k) coth'B 3 -2 1—a22 ks 2k G+Dg 4 I;+g ZH( +Ls (3.62)
@y

s=1 wk sg - Wy (s+Dg wk+sg wk+(?+l)g
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Similar to our description in Sec. III D, the energy of the system is

1 3ok @y Bha,’ 3 | Akse = Akisting
EZZ;hwk[<___ coth — —2 1—o?) | = . +

o
Bha”
ha? < coth =%
- Z i Bk + Asg).
k @y

We can obtain the respective phonon dispersions of the
commensurate and incommensurate structures from the coef-
ficient matrix of Egs. (3.48) and (3.57). If we ignore the effect
of the cubic and quartic terms of the FK on-site potential, the
phonon dispersion is independent of temperature. Comparing
the two coefficient matrices, the only difference between the
commensurate and the incommensurate states is the finite
number of coupled wave vectors in the former case and
the infinite number in the latter. The normal modes of the
commensurate structure will be divided into finite branches,
and those of the incommensurate structure will be infinite
branches.

To intuitively understand the difference between the phonon
dispersions of the commensurate and incommensurate lattices,
we give, in Fig. 4, some calculated examples with close values
of 7. For the infinite number of coupled wave vectors in the
incommensurate state, we must perform some approximations
to calculate the dispersion of the incommensurate structure. We
only keep g = 30g or less from the center of the wave vectors
such that the coefficient matrix of Eq. (3.57) becomes a61 x 61
dynamical matrix centered about wave vector g. Figures 4(a)—
4(c), respectively, show the dispersion for the commensurate
case of b = %a and the incommensurate cases of b = 1.17a
and b = 1.167a with normalized frequency w; = 1 and the

. . . 2
amplitude of the FK on-site potential 7;“:20 = 0.1. We note
[see Figs. 4(a) and 4(c)] that the plots become similar when
the values of s for the commensurate and incommensurate

states are very close as in the present calculation. However, we

1.0

0.8

0.6

Frequency

0.4

0.2

0.0 L
-r/a /
Wave Vector v

FIG. 2. (Color online) Phonon dispersion for a = % with the FK

potential. Two branches are shown using a black line and a red line.
The parameters used in the calculation are the same as those in Fig. 1.

Aptsg — Ak+(s+l)g:| }

_ > 2
1 | @k-sg T @k—(s+1)g Wptsg — Phi(s+1)g

(3.63)

(

believe that the plots will be quite different when we increase
the size of the coefficient matrix of Eq. (3.57).

Novaco [23] did not realize this problem, i.e., that the
dispersion curves of commensurate and incommensurate states
will display large differences if the order of the coefficient
matrix of Eq. (3.57) is large enough. His results probably were
constrained by computing conditions at that time. We point
out that the approximation of using a simplified truncation to
calculate the dispersion for the incommensurate state is not
sufficient because we cannot judge which of the summation
limits of s — oo in Eq. (3.59) is convergent, i.e., convergence
of the infinite matrix. Thus, we reached a different conclusion
from Novaco [23], and it is not reasonable to expect to find
the dynamical structure of an incommensurate state closely
resembling that of “nearby” commensurate states, provided
that both are described in a way that does not explicitly
distinguish between them. The result obtained will affect the
nature of incommensurate-commensurate phase transition.

In addition, our calculation indicates that the commensurate
case has a definite gap at zero wave vector, whereas the
incommensurate case shows a branch that goes to zero, and the
various gaps in the commensurate case are true gaps wherein
there is zero density of states. In the incommensurate case,
there exist some gaps similar to those of the commensurate
state, but there are some modes inside these gaps, although
their density is very low. These results are consistent with
those of Novaco [23]. The phonon density of states shown in
Figs. 4(d)—4(f) clearly reveal these results.

1.0 |-

o
[o2)
T

Frequency
>

o
~
T

0.2+

0.0 h
—7/a m/a
Wave Vector

FIG. 3. (Color online) Phonon dispersion for a = g with the FK
on-site potential. Three branches are shown using black, red, and
green lines. The parameters used in the calculation are the same as

those in Fig. 1.
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FIG. 4. (Color online) The phonon dispersions of acommensurate chain (a) withb = %a, that of incommensurate chains (b) withb = 1.17a,
and (c) with b = 1.167a. The curves (d)—(f) on the right correspond to the phonon density of state. The parameters used in the calculations are

same as those in Fig. 1.

Sutherland [21] and Gupta and Sutherland [22] studied
the dispersion of the incommensurate state in the continuum
limit. They found that the spectrum separates into two
branches. The lower branch represents the collective motions
of the lattice dislocations as “acoustical” phonons, and the
upper branch corresponds to renormalized “optic” phonons

[13,23]. We cannot readily distinguish the two phonons in our
calculation; perhaps this is a limitation of the continuum limit
approximation.

As mentioned when we keep up only to squared terms
of the FK on-site potential model, the phonon dispersion is
independent of temperature. In this approximation, the number
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density and energy of the system for the commensurate and
incommensurate states have a simple relationship for the
dependence on temperature [see Egs. (3.53), (3.55), (3.62),
and (3.63)].

To discuss incommensurate-commensurate phase transi-
tions, we need to compare the energy of incommensurate and
commensurate structures. From a mathematical point of view,
we always can find a rational number that is indefinitely close
to an irrational number. Therefore, the energy obtained from
Egs. (3.55) and (3.63) can be indefinitely close when rational
values of a/b in a commensurate state are indefinitely close
to an irrational number a/b in an incommensurate state. For
this case, the incommensurate-commensurate phase transition
is continuous. We cannot analytically describe the sum upon s
in Egs. (3.55) and (3.63), and hence, the incommensurate-
commensurate phase transition is a continuous transition
with an unusual nonanalytic nature, described as a “devil’s
staircase.” This agrees with Aubry’s result [29] but is only
valid at O K. Here, we need to emphasize, from Eqgs. (3.55)
and (3.63), that our result shows that this devil’s staircase
also can exist at finite temperatures. In real crystals, a/b
always is a truncated number with a limited number of
decimal places. When we compare a commensurate structure
of a rational fraction with an incommensurate structure of a
truncated irrational number, the energy of the commensurate
and incommensurate structures will become discontinuous.
Therefore, it implies that the incommensurate-commensurate
phase transition in real crystals may be a discontinuous or
first-order one.

J

PHYSICAL REVIEW B 91, 224305 (2015)

IV. SUMMARY AND CONCLUSIONS

In this paper, we analyzed the lattice vibrations in the
FK model using the technique of thermodynamic Green’s
functions based on field-theoretic methods. We treated the
FK model as an external on-site potential and expanded
the external potential into four terms. When the FK model
potential is considered as a perturbation, we analyzed its
solution for the phonon dispersion, number of density of the
phonons, and energy of the system. We first discussed several
low-order commensurate states and found that the cubic terms
of the FK on-site potential could only affect the third-order
state or higher commensurate ones. When the cubic and quartic
terms of the on-site potential are considered, the calculation
becomes very complicated. Based on the results of these
low-order commensurate states, we analyzed the arbitrary
orders of commensurate states, and the incommensurate state
were analyzed. When we ignored the terms above the quadratic
in the displacement in the FK on-site potential, then the
phonon dispersion is independent of temperature. Therefore,
the energy of the system has a simple relation with temperature
from which, we find that the incommensurate-commensurate
phase transition is a nonanalytic devil’s staircase at finite
temperatures.
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APPENDIX A

Using replacement ¢ — ¢ + 7 in the subscript of Egs. (2.20a) and (3.20), we obtain another two equations,

~ ~(1
@G gt (ray k = wq-&-(rr/a)GEH).(n/a),kv (A1)
~ ) ~ T2V, 34V, 1 _ ~
(1) q+(/a)k 0 0 + (1/2)
0G iy k = = T Og+nia) G g+Griark + [W T ImaAN Z ;(AIQA/Q)] (@g+xiar®q) Ger.  (A2)
ko 2
Equations (2.17a), (3.20), (A1), and (A2) constitute a system of equations. Gq,k can be solved from it.
APPENDIX B
(1) Only the effects of C,(k) and C,(k;,k,) are considered.
Using replacement g — %—Z—>q in Eq. (3.33), we have
% ~(1
0Gyg—n par = Og—n 30 Gy 0 frark (BI)
& _ Sg—n/3ak &
OG, o3k = = T Wg—r/30)Gg—@n 30k
+ 02 (g1 07 30)Pg—r j30) P G gvan prak + 02(@g@q—n )P G g, (B2)
2
and g + 3-—q,
~ ~ (1
0G g4n 3ak = a)q+(2ﬂ/3a)Gt(]J)r(27r/3a)k’ (B3)
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- ) - _ -
1 427 /3a)k (1/2)
0Go L o ke = AR+ 041 a Garan sk + 02 (00 1n ) Gk
+ 02(@g—r 30y Pg+ 0 j30) P G g2 k- (B4)
(2) Including the effects of C3(k;,k2,k3) and Cy(ky, k>, k3,ks).
g
Using replacement g — %—Z—)(] in Eq. (3.40), we have
~ 8q—2 /3a)k ~ —(1/2) &
waglz(ZnBa)k = Pk g j3a) G- sk + (@2 + €4 (@g 407 30)@g—7 3a) P Gy j3ark
+ (a2 + )@y 0y—n30) P G yr
_ - 27
+ Za3(a)kla)k2a)q7(2n/3a)) (1/2)]"]((:])(2k|:A<k1 +ky—q— 3—) — Aky + ky — q)i|, (BS)
kiky a
2
and g + %—)q,
~ ) ~ ~
1 Q2 J3a)k _
wali(ZnBa)k = “aHCrfok Wg+(27 /3a) G g+@x 3ayk + (@2 + o)Wy — (27 /30)Pg+©2 /3a)) (I/Z)Gq—(Zﬂ/3a)k
+ (2 + ) (@427 30) P Gk
—(1/2x1) o 2
1
+ Z o3 (a)k wkzwq+(2ﬂ/3a)) Fklkzk I:A(]q +ky —q) A(/q +ky—q+ 3a >j| (B6)

kika

Substituting Eq. (3.42) into Eq. (3.40) yields

~ S @2 —a3F —2—’; —aqu—i—z—Z ~ 2 _ ~
a)G;lk) =ky 9 ( 3a)) el 2 )qu +lop+as+aiF(g — 3 (@ 3 @g)” PGy - rark
q
5 2 —(1/2) A
+lotas+asFlg+ 3a (Wg+27 30)0q) Gy+@n3aks (B7)
where
1
F(g)=) f(q.k) - ; (B8)
Xk: w? — (wr + a)q—k)2 w? — (a)kl — cz)q,k)2
1 -l + o, W + o — o), I 2
f(g.k) = EN L+ EN, +20(N + N2 ) |, (B9)
; Zwkwq—k gt q—k i k ( k q k)
3. 1/2
T lV() 2h
a3=—W<m3N) ) (B10)
and
27T4hV() Nk
= ———— — (B11)
81m2a*N — Wk
From Eq. (B7), using ¢ — é—’a’ or substituting g + i—g for g, two other equations were
2 2
wGO _ 8q— @ 3a)k + Oy /3a) ~ Flg+35) - F@) . -
q—Qm [3a)k . ©g—2n 0 q—Qn/3a
27 ~(1/2)
+ oy +as+ Flg+ EW (wq+(27r/3a)wq7(271/3a)) Gy 3a)k
—(1/2) A
+ [z + a4 + F(@)(0q0g—r/30)) Gy, (B12)

2
~ Sqrcnpak | Poronsa — F@—Flg—3) (/) A
©Gy o ke = ronfioR | e 22 G yv sk + [0 + s+ F@N@g0q 102 /30) PG g
T Wq+(27 /3a)
_ ~(1/2) G 13
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APPENDIX C

In this Appendix, we have

{=a?|Flq— 2_7[ + Flg+ 2_7T + Zﬂ
- 17 3, 17 3, B a2
N )

2 2

o+ r(o-5)]

y Wy 2
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2 1 1 o — o] 1 1
—(+ )| —5—3 + 55— + = ! — - ’
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8q+@r 30k 8q— (27 /3a)k
£ = (ay + ay) (@0 n0) T =B (g 02 3) ta? S | F(@)+ Flqg — ) n F@)+ F(q+3)
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We use the F(gq) expression in Eqs. (B8) and (B9). The whole representation of the { and £ real and imaginary parts are

shown in the Supplemental Material [25].
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