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The photoexcited dynamics of the order parameter in a Peierls chain is investigated by using a microscopic
quantum theory in the limit where the hot electrons may establish themselves into a quasi-equilibrium state

described by an effective temperature. The optical phonon mode responsible for the Peierls instability is coupled
to the electron subsystem, and its dynamic equation is derived in terms of the density matrix technique. Recovery
dynamics of the order parameter is obtained, which reveals a number of interesting features including the change
of oscillation frequency and amplitude at the phase-transition temperature and the photoinduced switching of the

order parameter.
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I. INTRODUCTION

The concept of order parameter, which characterizes var-
ious phases in condensed matter, plays an essential role in
modern phase-transition theory [1]. One of the recent focuses
is the dynamics of the order parameter in nonequilibrium
processes, which is of interest in both basic and applied
physics. Micromagnetics for magneto-electronics devices is
an excellent example of such applications [2]. The nonequi-
librium dynamics of the charge density wave (CDW) order
has recently been extensively investigated by using optical
pump-probe spectroscopy [3—6] and time-dependent angle-
resolved photoemission spectroscopy (trARPES) [7-12]. In
these experiments, the samples are initially excited by a pump
laser pulse, and the electronic dynamics is then observed either
by probing the laser pulse or by using the ARPES technique.
Depending upon the pump fluence, there are two types of
electronic dynamics. In the low-pump-fluence case, the CDW
order is only slightly perturbed and the collective modes in
the CDW phase are excited. If the pump fluence is high
enough to destroy (meltdown) the CDW order, a dynamic
phase transition occurs and the recovery dynamics of the initial
CDW order will be observed. These two types of dynamics are
not mutually exclusive but closely related, since the recovery of
the CDW order is always accompanied with the excitations of
the collective mode [3—12]. The study of these nonequilibrium
dynamics processes may provide unique insight to identify the
formation mechanism of the CDW order [7,10,11].

In comparison with the experimental progress, the theo-
retical efforts to understand and describe these phenomena
are still very limited. One approach is the time-dependent
Ginzburg-Landau (TDGL) equation [6]. As a phenomenolog-
ical description, although it is effective in describing some
experiments, it does not give the microscopic details of the
dynamics. Considering the complex microscopic interactions
in these CDW materials, it is helpful and desirable to develop
a microscopic theory for a more fundamental and complete
understanding of the dynamic processes. Such a necessity has
been exemplified in the study of the optical conductivity of the
Hubbard-Holstein model [13].

In this paper, we consider the photoexcited dynamics of
the Peierls-type CDW systems based on a microscopic model.
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We investigate the half-filled Peierls chain and show how the
nonequilibrium dynamics of the order parameter emerges from
the microscopic interaction and how to obtain the coefficients
in the TDGL equation from the basic parameters in the mi-
croscopic model. This prototype study provides a microscopic
picture to understand the nonequilibrium quantum dynamics
in CDW systems.

II. THEORETICAL MODEL

A. System Hamiltonian

We consider a Peierls chain consisting of 2N monovalent
atoms with the periodic boundary condition as depicted
in Fig. 1. The equilibrium positions of the atoms at high
temperature are shown in configuration (I). The deviation of
the ith atom from its equilibrium position is denoted as u;.
The system Hamiltonian, or the Su—Schrieffer—Heeger model,
is defined as [14]

H = — Z(t,',iﬂcjﬁ_lﬁci,g + H.c.)

i,0

1. 1
+ ZEMM,'Z-FZEK(MH-I — ), M

where we only consider the nearest-neighbor hopping of the
electrons. c;o (¢io) is the creation (annihilation) operator for
the electron at the i th atom with spin o, M is the atom mass, and
K characterizes the force constant to pull the atom back to its
equilibrium position. The hopping integral #; ;+; is a function
of Su; = u; — u;4;. Since Su; is usually small, we can expand
t; i+ tofirstorderindu;,i.e., tiy1,; = to — a(u;+1 — u;), where
1o is the hopping integral in the absence of lattice distortion.
Atlow temperatures, the half-filled chain will be dimerized,
as shown in configuration (II), due to the Peierls instability. The
unit cell is enlarged to include two atoms in this phase, so the
lattice constant becomes 2a with a being the nearest-neighbor-
atom distance in the undimerized state. In the following, we
use the enlarged unit cell for convenience, where the unit cell
is denoted with m = 1,2,...,N, and the two atoms in one
unit cell are denoted A and B, respectively. Then we move
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FIG. 1. (I) Undistorted and (II) distorted configurations of a
Peierls chain. The chain consists of N unit cells with two atoms
(n = A,B) in each unit cell. The lattice constant is 2a, and the
displacement of the distorted A-type atoms is the order parameter A.

to the reciprocal in the reduced Brillouin zone space, and the
Hamiltonian reads (Appendix A)

1 _~ —_~ 2 _~ o~
Hp = E Z (P/;k»fl Pl"‘l + wu,q Q:iq Qlt,q)’ (2)
Hn.q
Hy=—10 ) [A+e el cpro+Hel ()
k,o
Hep = Z (gu,q,k @u,qci,k,gCB,qu,a + H.c.), “4)
n.q,k,o

where H, and H, are the Hamiltonian of the phonon and
electron subsystems, respectively, He, describes the electron-
phonon interaction (EPI), and g,k € [_2”_“’2”74] are the wave
vectors in the reduced zone. u =a,0 deggtes the acoustic and
optical phonons, respectively. Q,, , and P, , are the canonical
coordinates and momentum of the phonons, respectively,

and they satisfy the quantization condition [Q, 4, Py ¢] =

ih8g,—q8,,,v. w4 is the phonon energy. C:;,k,a

(cy.k,0) 1s the
Fourier transformation of CI],m,(T (Cnm,o)s Withn = A, B. g 4.1
represents the spin-independent electron-phonon interaction.

For the half-filled Peierls chain, the nesting wave vector
is Kjest = 0 in the reduced zone. So the phonon mode which
condenses in the Peierls phase transition is the optical one
with g = 0, denoted as (0,0). In the pump-probe technique, the
electron subsystem is excited to a highly nonequilibrium state
by the strong pump laser. Then it reaches quasi-equilibrium
state through electron-electron scattering on a femtosecond
timescale [8], which could be characterized by an effective
temperature 7,. On the other hand, the lattice is nearly
unaffected in the thermalization process because of the much
larger mass of the ions. Itis reasonable to assume that the lattice
keeps its original temperature 7;. In the Peierls phase, the
distortion of the lattice is due to the electron-phonon coupling.
After the electrons are heated by the pumping laser, the ions
are not at the configuration with lowest energy any more, and
they will start to move towards the configuration with lower
energy. Then the eigenstates of the electrons will vary due to
the movement of the ions, and the hot electrons will transfer
the extra energy to the lattice, which could be considered as a
heat bath with temperature 7;, until its temperature 7, reduces
to 7;.

Based on this picture, two equations will be used to describe
the dynamics of the photoexcited Peierls chain. Since we
are more interested in the dynamics of the lattice, we will
first derive the equation by describing the dynamics of the
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condensate of phonon mode (0,0), with its coupling to the
electrons in the microscopic Hamiltonian through the density
matrix technique. Then we introduce a phenomenological
equation to describe the temperature decay of the electron
subsystem.

B. Dynamical equations for condensed phonon

In the following, we denote;\ the operators (Q(,.O,TD:,,O) for
the phonon mode (0,0) as (Qﬁ), and the corresponding
frequency as Q* = wi,o = %. With the density matrix p of the
phonon mode (0,0), the expectation value of the operators are
9(t) = Tr[Qp], and P(¢t) = Tr[Pp]. In order to investigate
the dynamics of Q, we study how it evolves from time ¢’
to t = t' 4 &t within a small §¢. For simplicity, we denote
Qo EAQ([/) and define a new canonical coordinate a as
g = Q — Q. Then the Hamiltonian of the phonon mode (0,0)
becomes

Hs = 1[P? + @%@ + 290G + Q3)]- (5)

The coupling term for the electrons and the phonon mode (0,0)
contained in Eq. (4) is also decomposed into two terms —QyF
and —q ® F, where

F= /EZ[u—e—z"’“‘)ch cpro +Hel  (6)
NM & o

In the small time interval [t',z], the effect of the Peierls
distortion on the hot electrons is dominated by the term — QOE,
which gives the electron Hamiltonian as Hp = H, — QoF.
On the other hand, the term V = —q ® F gives the quantum
dynamics of the phonon mode (0,0) driven by the hot electrons.

We now focus on the quantum dynamics of the phonon
mode (0,0) during [#',7]. In the two-temperature scenario, we
assume that the quasi-equilibrium state of the hot electrons has
been established with the effective temperature 7,. Then the
phonon dynamics can be calculated with the standard “system
plus reservoir” paradigm, where the system Hamiltonian is Hy,
the electron reservoir Hamiltonian is Hg, and the interaction
is V. To second order of the interaction V, the equation of
motion of the density matrix of the phonon mode (0,0) in the
interaction picture is [15] (Appendix B)

dp@) =
== = = Faldo.p0)

— ﬁ ) dfj(t - T)[a(t)v[a(r)vﬁ(‘[)]]
l' t

7, dtK(r — DM, {a@),p(0N. (1)

Here, 7. denotes the operators in the interaction picture, and
(...yp = Trp[... pp] denotes the expectation value over the
reservoir density matrix pg. J(r — t) and K(r — 1) are the
real and imaginary part of the correlation function (F(¢)F (7)) 5
respectively. Based on physical considerations, the above
equation holds if §¢ is larger than the correlation time of
the kernels 7 (¢ — 7) and (¢ — 7) but still small enough in
order to assume that Q and 7, are unchanged during the time
interval. This can be justified since the lattice dynamics is on
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the picosecond timescale while the kernel correlation time is
on the order of femtoseconds. )

~ With Eq. (7) for the density matrix, the equations for Q and
P during the small time interval [¢’,¢] are (Appendix C)

Q) = P@), ®)

P@t) = —Q*0(t) + F(t) — % f dtK(t — 1)q(1). (9)

y
(IE) p. The dlsplacement of the ions in real space
—Upm = JW By applying the partial inte-
gration to the convolution integral in Eq. (9) and dropping the

term proportional to q(¢) which vanishes for §+ — 0, we get
an equation for the order parameter A as

Here, F =
ISA=uy, =

+/ dty(t — 1)A(t) — % =0. (10)

Here, the damping kernel y(¢) is related to the kernel /C(¢)
via their Fourier transformations y (w) = —%@, and f is the
force conjugated to the order parameter. Equation (10) takes
the similar form as the TDGL equation, but its validity is not
restricted to the temperature range near the phase transition.
Furthermore, the damping kernel y and the force f are not given
phenomenologically but are determined from the parameters in
the Peierls model including K, M, ty, o, and T,. This enables
us to understand microscopic origin of the order-parameter
dynamics directly.

In our treatment here, only the quantum dynamics of the
phonon mode (0,0) which is responsible for the Peierls stability
has been investigated, and the other phonon modes have
been simply treated as a thermal bath to cool down the hot
electrons. This implies that the dynamics of other modes such
as small-g modes has been neglected and possible polaronic
effects are not considered. A uniform order parameter has
been assumed for the dynamics after the photoexcitation, and
possible excitations of solitons and polarons [16-18] have
been excluded in our study here. This simplification is ideal
in comparison with the more complicated realistic cases but
is helpful to capture the key physics picture that we are more
interested in.

C. Force and damping coefficient

The force f in Eq. (10) consists of two terms (Appendix E),

1 16a%Asin’ka | BAg
f=—4KA+ — tanh—% (11
+NZ o anh™— an

where B = 1/(kpT,). The first term is the elastic force
between the ions, and the second term comes from the
coupling to the electron subsystem. The spin index has been
taken into account by a factor 2 in the summation. The
dispersions of the electron bands are €4 ;, = A, with

= (4t§ cos? ka + 160> A? sin® ka)'/?. 1t is easy to check
that the force f is related to the free energy € asf = —3E /9 A,
with

1
E(A,T,) =2KA* — o7 Zln(Z + e Pho 4 PNy (12)
k
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The Fourier transformation of the kernel functions
J(w), K(w), y(w) can be calculated based on the microscopic
model. Especially, we have (Appendix E)

2 . BA 2A,

)

which is is an even function of w. Here, the coefficients |/ |>
are (Appendix E)

y(w) =

8a? 13 sin® ka cos® ka
il = 5 s (13)
NM 15 cos? ka + 4a* A? sin ka
Then the damping kernel in Eq. (10) becomes
+00
y(t) = / dwy(w) cos(wt). (14)
—00

In a typical Peierls system, #j is on the order of eV, while ¢ A
and 1/ are on the order of meV. We see that y (w) depends on
the order parameter A and the temperature 7,. The maximum
of Ay is 2ty since ty > aA, then the cutoff frequency of
y(w) will be w, = 4ty/h. Since y(w) is affected merely in the
low-frequency range characterized by the energy 1/8 and « A
which is much smaller than the cutoff energy hw,, y (f) may be
approximated to be independent on 7, and A in the following
calculations without bringing qualitative error. The correlation
time of the damping kernel y (¢) is estimated as 1, = 2% = s tZL
therefore ¢, is on the order of femtoseconds, Wthh is much
shorter than the picosecond timescale of the order-parameter
dynamics. This suggests that the Markov approximation can
be applied to the damping term in Eq. (10) by replacing A(z)
with A(#). Then Eqg. (10) is reduced to

. o f
A+TA—-— =0, 15
+ [ 15)

where I' = ftt dry(t — 1) = foat dty(t) with §t > t,.
In order to get a qualitative estimation of T, we consider

the case A = Oand BA, > 1, which gives |a|*> = 37 Sin 2ka
and Ay, = 2ty coska. y(w) is calculated as
40’ /1 — (w/w.)?
Y(w) =
T Mty ||
for |w| < w,. Then one gets y(w) ~ thowL M y(t)
y(w)w, ~ and I' ~ y(t)t, ~ . So we can estimate

JTMZ‘()
the damping coefficient I" in Eq. (15) from the basic parameters
M, ty, o except for a proportional factor.

D. Two-temperature scenario

In our simplified treatment, all the phonon modes ex-
cept (0,0) form a thermal reservoir with temperature T7;.
The electron subsystem will dissipate extra energy into the
reservoir through electron-phonon coupling on the picosecond
timescale. Although this dissipative process can also been
described by the quantum dynamics method based on the
microscopic Hamiltonian, a more efficient way is to exploit
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the two-temperature scenario considering that the thermal-
ization process of hot electrons happens on the femtosecond
timescale. This thermalization approximation is usually rea-
sonable enough to describe the electron relaxation process on
the subpicosecond timescale [8] and has been exploited to
understand the trAPRES results on cuprates qualitatively [19].
For simplicity, we assume that the electronic temperature 7,
decays towards 7; in the exponential form, i.e..

T.(t) = Ty + (T.(0) — Tye™"/*, (16)

where the initial electronic temperature 7,(0) depends on the
fluence of the pump laser, and the decay time « is a fitting
parameter. Equations (15) and (16) are the two basic equations
in our theory to describe the subpicosecond dynamics of the
photoexcited Peierls chain.

III. CALCULATION RESULTS

We perform some calculations for demonstration based on
the theory established above. We choose the following pa-
rameters, fo = 2 eV, a = 0.167 eV/A, M = 1.35 x 10720 kg,
and K = 1.2 kg/s?, which gives the oscillation frequency
Q = 61 THz. In the numerical calculation, we consider a
system with N = 2000 unit cells. The free energy £(A,T,) in
Eq. (12) calculated for A € [—0.3,0.3] A and T, € [1,800] K
are shown in Fig. 2(a). At high temperature, the minimum of £
is at A = 0 corresponding to the undistorted configuration
(D); while at low temperature, £ has the form of double-
well potential, and the distorted configuration (II) is stable.
Figure 2(b) shows the T, dependence of the stable order

0.5} (b)
-2.544
— 0.1
z 2545 =
i <
\ 0.05
2,546 v
800 N P
600 . o, 04 0
: 4K°°260m o 0 200 _400 600 800
-0.2
oK 0 -04 AAl Te (Kl
10 x 10°°
10210 4
(c) (d)
8
3
— e
I.ﬂ. 6 I(IJ
— — 2
3 =
= 4 =
;
2
%5 0 1 2 % 0
o [Hz] x 10" t[s] x107"°

FIG. 2. (Color online) (a) The free energy per atom & as a
function of electronic temperature 7, and order parameter A. (b) The
order parameter A as a function of electronic temperature 7,, obtained
by minimizing the free energy density £. [(c), (d)] The damping
kernel y(¢) and its Fourier transformation y () calculated for A = 0
and T, = 1000 K. The basic model parameters for calculations here
are given as 1o =2 eV, a = 0.167 eV/A, M = 1.35 x 1072 kg,
K = 1.2kg/s* and N = 2000.
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parameter A (>0), which is in fact the solution of the equation

1 1602 sin” ka BAL
Z tanh=—~ a17)
Ak 2

obtained by setting f =0 in Eq. (11). The phase-transition
temperature is found to be about 600 K for the chosen
parameters here. The solutions thus recover the mean-field
results for the CDW phase transition [20].

With the given parameters, the damping kernel function
y(t) and its Fourier transformation y(w) are also calculated
with their expressions for A = 0 and 7, = 1000 K, as shown
in Figs. 2(c) and 2(d). According to the qualitative estimation
above, the cutoff frequency w. = 1.2 x 10'® Hz, and y (w) ~
1.7 x 10° s~!; while the correlation time ¢, = 5.2 x 10710 s,
and y(t) ~ 2 x 10% s~2. This indeed captures the qualitative
features of the calculated damping kernel. Furthermore, the
damping coefficient in Eq. (15) is calculated as I" = 0.25 ps~!
by integrating y(t) from O to 5 fs. This parameter will be
exploited in the following dynamics simulations.

Now we simulate the dynamics of the order parameter
A based on Egs. (15) and (16). The decay time of T, is
chosen to be ¥ =5 ps. In the calculation, we discretize the
equations with 8¢ = 5 fs between two time steps. The initial
order parameter A(0) is determined from Eq. (17) with given
lattice temperature 7;, and A(0) = 0. The initial electronic
temperature 7,(0) depends on the fluence of the pump laser
and is an input parameter in our simulations. The simulations
with various 7; and T,(0) are performed. The results with
three different 7; = 100,300,500 K and fixed 7,(0) = 1200 K
are depicted in Fig. 3(a), and the results with three different
T.(0) = 800,1000,1200 K and fixed 7; = 200 K are shown in
Fig. 3(b). Several features of the dynamics can be observed
in the figures. First, the oscillation frequency of the order
parameter is lower than the bare frequency 2 = 67 THz of
the phonon mode (0,0), because of the coupling between
the phonons and electrons. Since the damping effect is of
second order in EPI in our theory, it is smaller than the
restoring force which is of first order in EPI. This gives the
damping oscillation in our calculations which agrees with the

02/ (a) T (0)=1200K 0.2 (b)
1 Tr=300K g, ek
o1 4 01 \f\ DT T (0)=1200K
LR —_ dre e
< o , = é e T,(0)=1000K
< AL < il f
:Eal ; : T=500K ElD — T_(0)=800K
~o.11 {1 -0 °
K T=100K h
02 | 02 !
0 5 10 15 20 0 5 10 15
t [ps] t [ps]

FIG. 3. (Color online) (a) Order-parameter dynamics for three
different lattice temperatures 7; = 100,300,500 K with fixed ini-
tial electronic temperature 7,(0) = 1200 K. (b) Order-parameter
dynamics for three different initial electronic temperatures 7,(0) =
800,1000,1200 K with fixed lattice temperature 7; = 200 K. The
basic model parameters are the same as in Fig. 2, and the damping
coefficient ' = 0.25 ps~!, the electronic temperature decay time
k =5 ps, and the discretized time step §t = 5 fs.
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experimental observations [3—12]. Second, the dynamics can
be divided into two regions. When the electronic temperature
T, is above the phase-transition temperature, the amplitude
of the oscillation is large while frequency is low; when T, is
below the phase-transition temperature, the order parameter
is trapped in one of the double wells, and it oscillates with
smaller amplitude but higher frequency. This reflects the
symmetry breaking when the electronic temperature crosses
the phase-transition temperature. Third, switching of the order
parameter is possible in some cases as long as T7,(0) is
larger than the phase-transition temperature. This suggests
the possibility to control the Peierls systems optically on the
picosecond timescale for practical applications.

IV. CONCLUSION

The photoexcited dynamics of the order parameter in a
Peierls chain has been investigated within the microscopic
quantum theory in the limit that the electron subsystem can
be treated as a quasi-equilibrium state with an exponentially
decaying effective temperature. The optical phonon mode
responsible for the Peierls distortion is coupled to the electron
subsystem, and its dynamical equation is established with
the help of the density matrix technique. The driven force
acting on the order parameter and the damping coefficient are
obtained in terms of the microscopic parameters in the Peierls
model. We further apply the theory to simulate the recovery
dynamics of the order parameter in the photoexcited Peierls
chain. It is found that the oscillation frequency and amplitude
will be significantly changed when the effective electronic
temperature crosses the phase-transition temperature, and
switching of the order parameter may happen. Although the
order parameter has been assumed to be uniform where the
possible excitations of solitons and polarons are not considered
here, our theory is able to give the microscopic physics picture
to describe the recovery dynamics and collective oscillations of
the CDW order parameter, which is more relevant to quasi-one-
dimensional Peierls-type CDW materials and incommensurate
one-dimensional Peierls chains where soliton excitations are
absent. Our theory is also not restricted to the temperature
range near the phase transition as in the phenomenological
Ginzburg-Landau theory. The approximations in our semiphe-
nomenological approach can be benchmarked or improved by
more sophisticated approaches such as dynamical mean-field
theory [21] and Keldysh perturbation theory [22]. Thus our
theory serves as the bridge connecting the phenomenological
GL approach and the full microscopic approaches and can be
further generalized to understand the photoexcited dynamics
in more complicated Peierls-type systems and might have
potential applications.
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APPENDIX A: MODEL HAMILTONIAN

1. Lattice Hamiltonian

‘We outline how to get the model Hamiltonian in reciprocal
space. In real space, the lattice Hamiltonian is defined as

M . .
Hiagice = ? Z (Xi,m + Xém

m

K
)+ S Xam = Xp0)?

+(Xgm — Xams1)*]. (A1)

Here, the unit cell number is NV, each unit cell includes two
atoms denoted as n = A, B, and the lattice constant is set as
2a. X, is the atom coordinate and m is the unit cell index.
The first term in Eq. (A1) is the kinetic energy with atom mass
M, and the second term is the potential energy with the force
constant K. Denoting X, ,, = = X0 nn T Unms where X 2 is the
nondistorted position for atom 7 at the mth unit cell and u, ,,
is its displacement from the equilibrium position, then except
for a constant term, the lattice Hamiltonian is rewritten as

M
Hiatice = 7 Z (lli,m + u%?,m)

m

2 2
+ Y K[, + UG — UamUsm — Upmlami]-
m
The equation for u, , can be obtained from the Hamiltonian
equation as

iiA,m = __(ZuAm —UBm — uB,mfl)a

M

ﬁB,m = ——(21/{3’,” —UAm — MA,m+1)~

M

Due to the translation symmetry, the eigensolution of the above
equation with wave vector ¢ is assumed to be

M,u,q,A(m’t) — 1 eu,q,A eZiqma—iw,L.qt
Up,g,8(M,1) M \€n.q.B '
where © = a,o denotes the two longitudinal phonon branch

(“a” for acoustic mode and “o” for optical mode). The equation
forw, , and e, , = (e”,q’A,e,L,q,B)T will be

ZWK - a)i q _%(1 + e €u.q.A —0
—u+e e —wl ) \ewgs

The dispersion relations for the acoustic and optical phonon
branch are respectively

w? :—K(l—cosqa) w?
I ,

2K
» og = W(l + cosga).

With the notations here, the nesting phonon causing Peierls
instability is the optical phonon mode with ¢ = 0. Its fre-
quency is given as Q2 = % and the corresponding vector

€00 = (1/v/2,—1/¥2)".
Introducing the normal coordinates Q, , and the conjugate

momentum P, ,, where

iy (£) = (A2)

1 igma
u,, m(t) = F Z €u.q.n l/-»q(t) 2i¢]ma, (A3)

g
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the lattice Hamiltonian becomes

1 * 2 *
Z (P/t.q Pﬂ'q + Bpuq Qu,q QIW)' (A4)

Hyagice = =
2
".q

Specially for the nesting phonon, the atom displacement is

UAm = Q , UBm = — Q )
V2NM V2NM

where Q denotes the normal coordinate for the nesting phonon
mode.
From Eq. (A2), we have

M —2igma
Qu,q(t) = \ N Zeu,q,nur].m(t)e 2q ,

n,m

[M ' .
P,,) = ﬁzeﬂ,q,nun,m(ne Zigma
n,m

The commutation relation to quantize the Hamiltonian (A4) is
[Qug:Pugl =1h8g g8y 4

which can be deduced from the commutation relation
(g m. Mity ] = ih.

(AS5)

2. Electron Hamiltonian

Now we consider the electron Hamiltonian. In real space,
it reads

H=- Z[IA,m;B,m(CL_mCB,m + C;mCA,m)

m

+ tB,m;A,m+1(C;mCA,m+1 + CL,m-&-l CB,m)]~ (A6)

The hopping parameter here depends on the atom positions,
ie.,

tA,m;B,m =1+ a(uA,m - uB,m)9
[Bom:Amt1 =10+ QUBm — Up mt1),

where 1, is the hopping parameter when the atoms are at the
position {X Swm} without distortion. The spin index has been
neglected for convenience.

We first consider the undistorted part

H, = —19 Z[CL,mCB,m + CL,mCA,m

m
+ C;mCA,erl + CL’m_;,_]CB,ml (A7)
Defining the operators for Bloch states as

1 2ikma .7

1 .
—2ikma T
Crp = — E e c c, L, = —
n, n,ms k me
VN < VN A !

then we have

2ikma —2ikma

1 1
— (-
Cym = e Cnks Chm = e Chks
= e D, = T,
(A8)
and the Hamiltonian (A7) becomes

Hy=—19 Y [(1+e 2 )l epp+ 1+ el earl.
k
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3. Electron-phonon interaction

Now we consider the interaction between the electron and
lattice, where

Heypy = —a ) [(am— Upm)(Ch yCom + Ch Cam)

m
+ U = U 1)(ClypCamrt + Chpy1CBm)]. (A9)
Substituting Eqs. (A2) and (A8) into Eq. (A9), we get
Hep = Z (8u.q.k éu,qcl.kCB,qu
n.q.k
+ 8.k Qg Ch sy Cak)-
Here, the interaction coefficient is given as

eZi(q—k)a) _ —2ika)]7

euq(l—e

o
8ugk = _\/ﬁ[eu,q,A(l —

and 8u,—q,—k = g;,q,k‘
For the nesting phonon mode (0,0), we have

o0k = —,/ia(l — e 2kay
0,0, NM 5

and the interaction term between the electrons and the nesting
phonon will be

2(}{2 _ o 4 . 4
Voo = =\ 737 QL1 —e 2ayel cepi+ (1= ek eanl.

We denote 6 = Q0,0 and P = I’D\o,o for simplicity.

APPENDIX B: DENSITY MATRIX FORMULA

Here we outline how to deal with the open quantum
dynamics with density matrix technique [15]. The whole
system is divided into the system part and the bath part, and
the interaction between the system and the bath is denoted as
V. The Hamiltonian is written as

H=Hs+ Hp+ V. (B1)

The equation for the density matrix of the whole system in the
interaction picture (denoted by ) is
dp 1 ~
— = —[V,p], B2
dt i h[ Pl (B2)

which has the formal solution
~ ~ I ~ ~
p(t) = p(t') + z_h/ dz[V(),p(1)]. (B3)
p
Then Eq. (B2) becomes

dp(t)

- Livose Ly’
o0~ 0.5 >]+(—>

ih
. / AV OV@OFON. (B4

The reduced density matrix for the system is

ps(t) = Trg [p(1)]. (B5)
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Assuming that
") = Bs) ® Pp(t),  P(6) = Bs(t) ® pp(t) + (1), V = VsV,
then keeping to the second order of the interaction, the equation for the reduced density matrix ps(¢) will be [15]

dps(1)
dt

1 ~ ~ N2~ o~ ~ ~
= 1750, BT Vi) + (E) / d[Vs(0), Vs(0)Bs(TTe 5[V () Vo (2)F 0]
1 2 ~ ~ ~ ~
—<5> / A [Vs(1), Bs() V(T [V (1) V(0 1]

1 1 [ o~ o~
lh(V3>[Vs(t) st + g h)2,/ dtRe(Vp(@®)Va(T))[Vs(1),[Vs(), ps(T)]]

+

t
(ih)Z/ dtIm(Vp(0)V(0)[Vs(),{Vs(T), ps(T)}]. (B6)
APPENDIX C: DYNAMICAL EQUATIONS FOR Q AND P

We cons1der the dynamics of the nesting phonon mode (0,0) in the small time interval [#',t]. For the interaction term
V=-0® Fin the body text, we substitute Vs = ¢ and Vs = —F into Eq. (B6), which gives

d 1 ~ 1 S s
[:;(t) =~ FEOAO1+ / drRe(F(OF(0)[§(1).[6(x). Bs(D)]]
+<ilT>2 / drIm(FOF () G0 {G(0). Fs ()} (1)

Then the equation for Q(¢) = Qq + q(¢) is

dQ() _ dq() _ g o
e A GO0

= Tr [ﬂ;(,)] + T [q(r)ﬂ]

= Tr[ﬁ[aﬁslﬁ(t)] ( )TaOIG®), SN+ ——

(h)2 f dtIm{F()F (@) THAOE(0) (). 5(0)}]

1 ! ~ o~ o~ - -
+ G [ dtRe(F(t)F (o)) TH[O[G(0), [6(r), (011
= Te[P(1)5(1)]
= P(@). (C2)
Similarly, the equation for P(t) is

dP d ~
dt(” = SRR

=Tr[ d()ﬁ(r)] [P(r)ﬂ}

1

=Tr|i%[i5,ﬁs]5(l):| — (FTPOEO.A + — G h)z / drIm(F()F (D) THP(0)[G(0). (G(r). 5(0)}]

1 ! ~ o~ ~ ~ -
+ / deRe (EOF @) TP OG0, [6(0). 5o)1]

~ ~ Y E el ! 2 t F F a p!
= —QTHEOP0] ~ LQTHAN] + FTH{A0 - / deIm(F()F (@) TH(@)A(D)]; ©3)
that is,
dZt(t) = -+ F - % / deK(t — D)4, ©
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Here, F = (IE), and the kernel function IC(r — 1) is

K(t — 1) = Im(F()F (7)) = /

—0Q

Then by the partial integration

PHYSICAL REVIEW B 90, 205110 (2014)

+00

doK(w) sin (w(t — 1)).

t +00 t
%f dtK(t — t)q(r) = / da)%lC(a))/ dt sin (w(t — 7))q(7)

o0

+o00 !
- / da)% K@) [d cos (w(t — 1))]q(7)

o) t

2 K(w)

+00
= / do+——=[q(r) - cos (ot — )@ — /
_ w

o0

+00 t
da)z @ cos (w(t — 1)) dq(r)
—00 h o I dt

=yt —1)q(t") — y(0)q(r) +/ dry(t — 0)q(1),

t

where we denote

2K +00
y(w) = ——%, yit—1)= / dwy () cos (w(t — 1)).

h

[e¢]

According to the assumption, i.e., in the infinitesimal time interval ¢+ — ¢, q(¢') = 0, and q(¢) — 0, the equation for Q finally

becomes
d*Q
dt?

APPENDIX D: CORRELATION FUNCTION

Here, we discuss some general properties of the correlation
function

(A(NA()) = T A1) A(T)p(t)].

For the partition function e #? = Tr{e #H-111, the density
matrix p(t') is p(t') = e PH-1N) Then the correlation
function is

<A‘(I)Z(t)) _ eﬂQTr[eiﬁ(z—r)/h;{e—iﬁ(r—r)/hge—ﬂ(ﬁ—uﬁ)].
In the Lehmann spectral representation,

(AWDAD) = (1| Alm)PePENDiEEnli=orh,

I,m
(A\(I)A\(I)) — Z |(l|;4\|m)| o~ BEn—1tNn=Q) i (Ei=En)(t=1)/h

I,m

Defining the spectral function

2 _
J() = % 71 Rl (e AEHND . g AEniNe)

I,m

s E1 = En
X - - 9
h w

the real part of the correlation function is expressed as

+oo
RC(A\([)A\(‘C» = / da)j(w)eiw(t—r)'

—00

= —/ dry(t — 1)Q(1) — Q*Q + F. (C5)

(
Similarly, defining

eP? - o o
K(w) = -5 Z || Alm) > (e PEHND _ g=BEn—1tNn))
I,m

s Bt —Em (D1)
X| ——— —w),
h
the imaginary part of the correlation function is
iIm(A(1)A(1)) = / doK(w)e' . (D2)
—00

For chemical potential ;« = 0, notice that

5 e PE _ o=BEn

6/39 -~
— ~BEI 4 ,~BEn
K(w) = ) ?m [(|Alm)]| (7" e ")

e_ﬂEl + e—ﬂEm
S E, —E,
X — — W
h
P e BEI—En)/2 _ ,B(EI—En)/2

— Al 2
2 12: A =T 1 opE 2
\m

E; — E,
x (e PEI 4 ¢7PEn)s <—l 5 - a))

= —J(w)tanh(Bhw/2). (D3)
This relation reflects the fluctuation-dissipation theorem. In
the high-temperature limit, 8 — 0, then J(w) = —ﬂ%IC(w).
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APPENDIX E: BATH PROPERTIES

Here, we calculate the force and the correlation functions
for the electron bath. According to (AS), we denote

A=u =—u = Q
A,m B.,m \/2]\]—M
The Hamiltonian for the electron bath will be
Hy = H, — OF
t 0 Axe N\ (caro
= %:(cAko’cha) (Akel¢k 0 > (CB,k,a)’
where Age % = —t5(1 4+ e~ %%?) — 20 A(1 — e~ 2%%). There-
fore,
Ay = \/4t§ cos? ka + 1602 A? sin? ka,
2ty cos? ka + 4a A sin® ka
Cos ¢y = — ,
\/4t§ cos? ka + 16a2AZsin? ka
. 2tg sinka coska — 4a A sinka cos ka
singy = —

JJ43 cos? ka + 1602 A2 sin? ka

The eigenvalues of Hp will be €4 ;, = £Ay, with the
corresponding eigenvectors

1 e %k
At ko _ V2 ﬁ CA k.o (E1)
A k,o e CB.k,o ’
* -7 5

In terms of A4 4 -, the force operator F will be

=Y I ko — AL oA
k,o

il Ao AL Akl (E2)

with the coefficients

o2
W(COS ¢r — cos(¢y — 2ka)),

2

Iy = =) (1

—2ika 2ika—2igy
_ 1 .
N e e )

- E — E,
> IFm) e —e—”mw(—’ h —w)
I,m
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With the expressions for cos ¢y and sin ¢y, we further have
82 20 A sin® ka

NM \/tg cos? ka + 4a2A?sin ka

8k =

’

tg cos? ka — 4a*A? sin? ka

13 cos? ka + 4a2A?sin? ka’
2toa A sin 2ka

t3 cos?ka + 4a2A?sin? ka’

cos(2ka — 2¢;) =

sin2ka — 2¢y)

8or? tg sin? ka cos? ka

hye|? )
e NM 12 cos? ka + 4a2 A2 sin? ka

__Now we calculate the force (?) and the correlation function
(F(¢)F(1)). The eigenstates of the electron system are denoted
as |l) =11, 40 ®|n;,k,a>’ where x = =%, and n, ;y =0or 1.
Then the total energy £, =3 , n;,k,géx,k,a and the total

electron number N; = _ n;‘kﬁ. Thus the electron-bath
induced force is

F) = /) ([Fine P
!

= =" gl g ohko = Ay oA kol
Lk,o
where
=2 = Jlaweren,
x.k,o
and

N UM ko e P

l

/

— an L e*ﬁ";,k_géx.k.o l_[ e*ﬂ"’){,k,ufxyk-v
XK, 0
1

X.k,o
’
— e Pexko 1_[ a+ e_ﬂe)(‘k,a).
x.k,o

Here, ]_[’ denotes all the other states except for | x,k,0). This
gives

1
ng(eﬁ/\%—l-l B ﬂAk+1) ngtanh—

Now we calculate K(w) defined in Eq. (D1) for u = 0.
Since

= S (e Berko — g=Beio w( s Ebko ko ) _ s Eoko T ko
>l )§ e ( ( . 2 - ®
_ ' _ 2A; 2A;
— B l2(ePAk — oPk 1 Bexraoy[ s 2225 — sl =
kgalk|(e e )||(+e ) - w h-l-a)

x.k.o
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then we get

PHYSICAL REVIEW B 90, 205110 (2014)

Kw) = %Z |hk|2tanh% <5<w + 2%) _ 5(0) _ 2_1;k>>
k,o
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