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We address the question of the origin of the recently discovered chiral property of the charge-density-wave
phase in 17-TiSe,, which so far lacks a microscopic understanding. We argue that the lattice degrees of freedom
seem to be crucial for this novel phenomenon. We motivate a theoretical model that takes into account one
valence and three conduction bands, a strongly screened Coulomb interaction between the electrons, as well
as the coupling of the electrons to a transverse optical phonon mode. The Falicov-Kimball model extended in
this way possesses a charge-density-wave state at low temperatures, which is accompanied by a periodic lattice
distortion. The charge ordering is driven by a lattice deformation and electron-hole pairing (excitonic) instability
in combination. We show that both electron-phonon interaction and phonon-phonon interaction must be taken into
account at least up to quartic order in the lattice displacement to achieve a stable chiral charge order. The chiral
property is exhibited in the ionic displacements. Furthermore, we provide the ground-state phase diagram of the
model and give an estimate of the electron-electron and electron-phonon interaction constants for 17'-TiSe,.
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I. MOTIVATION

Charge-density-waves (CDWs) brought about by electron-
phonon! or electron-electron’ interactions are broken-
symmetry ground states, typically of low-dimensional (D)
solids with anisotropic properties.> A prominent material
exhibiting such a periodic real-space modulation of its charge
density is the transition-metal dichalcogenide 17-TiSe,. This
quasi-2D system undergoes a structural phase transition at
about 200 K, at which a commensurate 2 x 2 x 2 superstruc-
ture accompanied by a CDW develops.* Thereby the CDW
features three coexisting components and, for this reason, is
denoted as triple CDW. Although the charge-ordered phase in
1T -TiSe; has been a matter of intensive research for more than
three decades, the driving force behind the phase transition has
not been identified conclusively.

Recent experiments on 17 -TiSe,, pointing to a very unusual
chiral property of the CDW, have reinforced the interest in
this problem.>® An object exhibits chirality if it cannot be
mapped on its mirror image solely by rotations and transla-
tions. For a CDW phase characterized by a scalar quantity
such chirality has not been detected before. The scanning
tunneling microscopy measurements performed by Ishioka
and co-workers, however, show that the amplitude of the
tunneling current modulates differently along the CDW unit
vectors in 17-TiSe,.? Since the tunneling-current amplitude
directly measures the local electron density, the charge density
modulates differently along the three unit vectors. As a result
the material in its low-temperature phase will not exhibit
a threefold symmetry as suggested by the triangular lattice
structure. The Fourier transformation of the scanning tunneling
microscopy data demonstrates a triple CDW as well as a
different charge modulation along each CDW component
with the respective ordering vector Q,, o = 1,2,3.% If one
orders the triple-CDW components according to their charge
modulation amplitude in ascending order, in a sense a direction
is singled out and the triple CDW exhibits chirality because the
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mirror symmetry is broken, in contrast to usual CDWs;® see
the schematic representation by Fig. 1. Note that clockwise
and anticlockwise chiral CDWs were found in the same
sample, suggesting that these states are degenerate. This
twofold symmetry is corroborated by optical polarimetry
measurements.’ Ishioka and co-workers furthermore noticed
that the experimental data can be reproduced by a charge
density modulation of the form

n;(Qg) = Acos(QuR; + 6,), (1)

where A is the modulation amplitude and 6, are initial phases.’
For a chiral CDW to exist the phases of the CDW components
must differ, i.e., ) # 0, # 6s.

From a theoretical point of view the chiral CDW in
1T-TiSe, was addressed by a Landau-Ginzburg approach.”®
Thereby the relative phases of the CDW order parameters
were obtained by minimizing the free energy functional. Two
CDW transitions were found with decreasing temperature:
First, a standard (nonchiral) CDW appears, and subsequently
a chiral CDW emerges, i.€., Thonchiral CDW > chiral cDW- Within
the CDW phase three distinct orbital sectors are occupied,
leading to an orbital-ordered state and three interacting lattice
displacement waves (with different polarizations).

An open issue is the microscopic mechanism driving the
CDW transition. Basically two scenarios have been discussed
in the literature, where the charge order results from purely
electronic, respectively electron-lattice, correlations. Angle-
resolved photoemission spectroscopy data reveal a relatively
large transfer of spectral weight from the original bands to
the back-folded bands (due to the CDW transition), compared
with the small ionic displacement. This suggests an electronic
mechanism within the excitonic insulator (EI) scenario.”'® A
corresponding tight-binding calculation estimates the ampli-
tude of the lattice deformation caused by an EI instability
to be of the same order as the measured one.'! The gradual
suppression of the CDW phase by changing solely electronic

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.075138

ZENKER, FEHSKE, BECK, MONNEY, AND BISHOP

Q2 Q2 Q3

Q1 Q1 Q1
Q3 Q3 Q2

(a) nonchiral (b) clockwise (c¢) anticlockwise

FIG. 1. (Color online) Electron-density pattern for a triangular
lattice in case of (a) a nonchiral CDW or (b, c¢) chiral CDWs. Filled
circles picture the value of the charge densities, where equal colors
mark equal densities. For the nonchiral CDW shown in (a) the density
modulation along the ordering vectors Q;, Q,, and Qj is equal.
Reflection along an ordering vector yields the same density pattern,
i.e., mirror symmetry exists. The situation changes for a chiral CDW.
A clockwise CDW (red arrow) is illustrated in (b). Now reflexion
along Q, yields the situation depicted in (c). Obviously the pattern
(c) describes an anticlockwise CDW: that is, for a chiral CDW mirror
symmetry is broken.

properties by intercalation with S or Te further corroborates the
EI concept.'? Most convincingly, time-resolved photoemission
spectroscopy reveals an extremely fast response of the CDW to
external light pulses, which favors an electronic mechanism.'?
Alternatively, the coupling to the lattice degrees of freedom
may drive the CDW transition, e.g., by a cooperative Jahn-
Teller effect.'*!> Here the particular form of the phonon
dispersion and the softening of transverse optical phonon
modes were elaborated within a tight-binding approach and
found to agree with the experimental results.'®!> The same
holds for an ab initio approach® to a Jahn-Teller effect.
Likewise the onset of superconductivity by applying pressure
may be understood within a phonon-driven CDW scenario.?!
Since some properties of the CDW in 17-TiSe, can be
understood by the excitonic condensation of electron-hole
pairs and others by the instability of a phonon mode, a
combined scenario has been proposed.??

As yet it is unclear whether the chiral property of the CDW
favors the electronic or lattice scenario, or a combination of
both. In the present work, this issue is addressed among others.
We start by investigating the CDW from an EI perspective. The
corresponding mean-field approach for an extended Falicov-
Kimball model is presented in Sec. Il A. We show that the
EI scenario is insufficient to explain a stable chiral CDW. We
proceed by including the lattice degrees of freedom. We find
that the electron-phonon interaction and the phonon-phonon
interaction both must be taken into account at least up to
quartic order in the lattice distortion in order to stabilize
chiral charge order. This is elaborated in Sec. II B, and in
Sec. IT C we present the ground-state energy as a function of the
static lattice distortion. In Sec. II D the CDW phase boundary
is derived. The CDW state is characterized analytically in
Sec. ITE. Section III contains our numerical results. Here we
give the functional dependencies of the relevant phases on the
lattice distortion, show the finite-temperature phase diagram,
derive the ground-state phase diagram, and estimate the
interaction constants for 17-TiSe,. In Sec. IV we summarize
and conclude.
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FIG. 2. (Color online) First Brillouin zone (BZ) of 17-TiSe, with
high-symmetry points in the normal phase (solid line) and in the CDW
phase (dot-dashed line). Red arrows show the CDW ordering vectors.
Left panel: projection onto the xy plane, right panel: projection onto
the yz plane.

II. MODEL AND THEORETICAL APPROACH

A. Electronic degrees of freedom
1. Band structure

Since the electronic properties of 17-TiSe, are dominated
by the electrons near the Fermi energy, in what follows we
take into account only the top valence band and the lower
conduction band. The maximum of the valence band is located
at the I point. The conduction band exhibits minima at the
three L points; see Fig. 2.

To facilitate the notation, we artificially split the conduction
band into three symmetry-equivalent bands indexed by «, each
having one minimum at the point L,. The band dispersions
of these three conduction bands mimic the true band structure
close to the L points.'? Figure 3 illustrates the situation close
to the Fermi level.

Then the free electron part is written as

H. = Z gkffljfk + Z Skaclacka’ 2)
k k,o

)

where f,' annihilates (creates) an electron in the valence band

with momentum k and cfj{; annihilates (creates) an electron in
the conduction band with momentum k and band index «. The
corresponding valence-band dispersion and the conduction-
band dispersions are denoted as exy and &x,. They will be

specified in Sec. IIT A. The spin of the electrons is neglected.
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FIG. 3. (Color online) Model band structure in the normal phase.
The valence band colored black, and the conduction bands are
colored red, blue, and green. (a) Band structure along high-symmetry
directions of the BZ, (b) band dispersion close to the Fermi level.
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Taking the band structure and a band filling factor n = 1/4
into account, 17'-TiSe; resides in the vicinity of a semimetal-
semiconductor transition; see Fig. 3. Accordingly the chemical
potential w is determined by

np+ Y ng =1, 3)
where
1 1
np =52 {nl) =5 DA, @)
k k
1 1
e =y 20k = 7 D lchacia): ®)

Here N denotes the total number of lattice sites.

Regarding the isotropy (anisotropy) of the valence (con-
duction) band(s) the Fermi surface of 17-TiSe, is only poorly
nested,'® which rules out a nesting mechanism for the CDW
formation even in a simplified 2D setting.

2. Electron-electron interaction

Due to the strong screening of the Coulomb interaction in
1T-TiSe,,2 we assume a local electron-electron interaction,

Uc 1 i
H. .= 1\;( Z ZZCIL+qaCkaClT(/ﬂck'+Q5

kk.q o B>a

Ure t
+ T Z Z fk+qfk Clt’otckurqa ’ (6)

kk',q «

where U, denotes the Coulomb repulsion among the conduc-
tion electrons. The on-site Coulomb interaction Uy, between
valence and conduction band electrons determines the distri-
bution of electrons between these “subsystems” and therefore
may drive a valence transition, as observed, e.g., in heavy
fermion and intermediate-valence Tm[Se,Te] compounds.z“’25
If the total electronic model contains an explicit hybridization
between f and c electrons®®?7 or, as in our case, dispersive ¢
and f bands,”® coherence between ¢ and f particles can de-
velop. Then U ;. may lead to a pairing of c-band electrons and
f-band holes, i.e., to the formation of excitons, and, provided
a large enough number of excitons is created, a subsequent
spontaneous condensation of these composite quasiparticles
may develop. In real systems this excitonic instability is
expected to occur, when semimetals with very small band
overlap or semiconductors with very small band gap are cooled
to extremely low temperatures.’>** The excitonic condensate
then typifies a macroscopic phase-coherent insulating state, the
EI which separates the semimetal from the insulator.*'3> From
a theoretical point of view, Falicov-Kimball-type models seem
to be the most promising candidates for realizing collective
exciton phases. This holds particularly for the generic two-
band extended Falicov-Kimball model (EFKM), where an
EI ground state has been proven to exist in one and two
dimensions by constrained-path Monte Carlo simulations.?
Subsequent Hartree-Fock, slave-boson, and projector-based
renormalization techniques yield the 2D EFKM ground-state
phase diagram in even quantitative accordance with unbiased
Monte Carlo data,***? supporting the applicability of these
analytical approaches also in three dimensions and for more
complicated situations.
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The electronic part of our Hamiltonian,
Hygrxm = He + He e, (7)

can be viewed as a multiband extended Falicov-Kimball
model (mEFKM). We note that the mEFKM was studied
previously and has been shown to reproduce the angle-resolved
photoemission spectroscopy data for 1 7-TiSe; at temperatures
below the critical temperature,”!'%*% as well as above but
close to the critical temperature.?*4¢

We note that the mEFKM exhibits a particular U(1) sym-
metry. This can be seen by applying the unitary transformation

Uy o = €¥5 with S, = % S - cjacia). The operators
fim and CEL) annihilate (create) an electron at Wannier site i.
Obviously we have

Huerkm = Uy o Hngrkm U(Z,a' ®)

This symmetry leads to a degeneracy between chiral and
nonchiral CDWs (see below).

To proceed, we perform a Hartree-Fock decoupling of the
electron-electron interaction terms:

U
]\;C Z Z Z Cl];-&-qackaclt’ﬂck/_;,_qﬁ

kk.q o B>a

— Ug ZZchackanﬁ - NU, ZZ"“”’S’ 9

k o B#a a f>a

UfL‘ .‘. n
N Z Z fk+qfk Cll(’vtck’+qa
kk,q o
= Upe ) na ) fifi +Usens ) choCa
o k k,o
= NUpeny 3 e = 358w ) Crqai
o o k
* T N 2
=) A D fitigu t+ U Dl (10)
a k ¢ a

Here we introduced the EI order parameter functions

Uy
Aqu = " D RlCksq): an
k
* UfC
Ny = Y ehigualic)- (12)
k

Since the experiments on 17-TiSe, suggest that the spon-
taneous hybridization of the valence band with one of the
three conduction bands is the dominant effect of the electron-
electron interaction,’ in deriving Eq. (9), we neglected all terms
that mix different conduction bands.

The resulting decoupled Hamiltonian takes the form

Hpprkm = Zékffljfk + Zékaclacka
k k,a
T T
- Z AQ(XCIL-&-Qaa e — Z A6a~fk Ck4Qua

k,a k,a
—NUfcanna—NUCCZZnanﬂ
o

a B>o

N
Aoul, 13
+UfC;|Q| (13)
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with shifted f- and c-band dispersions:

Bxr = ey +Use ) N, (14)
Eka = Eka + Ufcnf + U, Znﬁ. (15)
BFa

The EI low-temperature phase is characterized by non-
vanishing expectation values fkT CktQua)s (czK +Quafx )» Which
cause a correlation gap in the excitation spectrum. The mean
local electron density in the EI phase is

2
=14 > " |{chq,afic)| cOSQuR: + o), (16)
k,a

where
=Y ek Zlc Al = 20 g
N - k+Q.aJk k+Qqa/k Uf(‘

Comparing Eq. (16) with relation (1) we recognize the
amplitude of the charge density modulation as the modulus
of the hybridization function ) _, (clt +Qua i) Likewise we can
identify the initial phases 6, in the density modulation as the
phases of the hybridization functions (which coincide with the
phases of the EI order parameters).

Note that previous theoretical studies of the mEFKM'%!!
did not include the phase differences of the 6,, which will
be essential for the establishment of a chiral CDW.>® If one
is not concerned with the chiral CDW problem, disregarding
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the phases 6, seems to be justified since the U(1) symmetry
of the mEFKM prevents the appearance of a stable chiral
CDW anyway. We show this by analyzing the behavior of
the electron operators under the unitary transformation Uy, 4:

& = U, WUl , and 7O = U, . fOU . The hybridiza-
tion functions (in real space) then transform as (c;, cl fi)e @R =

e (CL fi)e'@Ri: that s, the phases 6, can be controlled by the
unitary transformation through the angles ¢. However, in view
of (8) the total energy is independent of the 6,. Hence these
phases can be chosen arbitrarily, and there is no mechanism
that stabilizes a given phase difference. Therefore the mEFKM
is insufficient to describe a chiral CDW in 17-TiSe,. In
the following we will demonstrate that the coupling of the
electrons to the lattice degrees of freedom can break the U(1)
symmetry of the mEFKM and consequently can stabilize a
chiral CDW.

,a

B. Lattice degrees of freedom
1. Electron-phonon coupling

For 1T-TiSe; there are experimental and theoretical evi-
dences that the weak periodic lattice distortion observed comes
from a softening of a transverse optical phonon mode.'%->* We
therefore include a single-mode electron-phonon interaction
in our model. If we expand the electron-lattice interaction
up to quartic order in the lattice distortion, we obtain the
electron-phonon interaction as

Hepn = Hooy+ HO\ + HO) + HE, L (18)
where
H = \/_ DS gk g )] + byl g (19)
Kq AN
(2) T
Hip = 59 =Y @k W), +b ) (b + b )b (20)
k.qi,q2 A,
3) .
H, = PIYE Z Zg3(k q1.92.93.A,A )( 1)(b<T12 + bfqz)(bib + b*Q})Cll(ACk+q1+qz+q3)L” 2D
K.q1,q2,q3 2,2/
1 ,
@ _ i
He'Ph - 24N?2 Z Z g4(k,(h,(]2,(]3,(]4,)\,)\/)(193;1 + b*‘]l)(bt];z + b*‘]z)(bllls + b*Qs)(bT + b*‘lz&)ck)»ck+q1+q7+q:+q4)\/’
k.q1,92,93,94 A,

(22)

where bff) describes the annihilation (creation) operator of a
phonon carrying the momentum q, g; (i = 1,2,3,4) denote the
electron-phonon coupling constants, and A, A" label the band
degree of freedom. Most notably the band-mixing terms, i.e.,
if A # A" in Egs. (19)—(22), break the U(1) symmetry of the
mEFKM; i.e., the arbitrariness with respect to the phases 6, is
eliminated.

2. Phonon-phonon interaction

Within the harmonic approximation, the Hamiltonian for
the (noninteracting) phonons reads*’

Hpy =Y hox(q)blib,, (23)
q
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where w(q) is the bare phonon frequency. A coupling between
the lattice vibrations results from the anharmonic contributions
in the expansion of the potential for the ions.*® As we will
see below, such an explicit phonon-phonon interaction may
stabilize the chiral CDW phase. We expand the phonon-phonon
interaction also up to quartic order in the lattice displacement.
We obtain

th—ph—f Z B(q1.92.93) (b}, +D_g,)

q1,92,93
x (bjlz + bﬂlz)(bjls + b*CB)

1 !
Ty > D(a1.92.93.94)(b], +b_g,)

q1,92,93,94
x (bjh + b_‘h)(b:;s + b-‘b)(bjp + b—q4)' (24)

The explicit expressions of B(q;,q2,q3) and D(q;,q2,93,94)
are lengthy. We note only the symmetry relations

—q3) = B*(q1,92,93), (25)
D(—qi, —q2, —q3, — q4) =

B(—q1, — qa,

D*(q1.92.93.94), (26)
and point out the constraints

B(q1,92,93) X 8q,+q:+q3,G> 27)

D(q1,92,93,94) X 8q,+q1+q5+44,G- (28)

_ . . 1
HZZng(k)(‘SQaCILQWfk + sQafl:er+Qnot) +
k,a k op

+5 ZZ
+ﬁZZZ{[

k oy fia

+[(CLe®)" il £ +(Cy
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Here G is a reciprocal lattice vector of the undistorted
lattice.

3. Frozen-phonon approach

We now apply the frozen-phonon approximation and
calculate the lattice distortion at low temperatures. As
elaborated in Refs. 17-20 the phonons causing the lattice
displacements in 17-TiSe, have the momenta Q, shown
in Fig. 2. Their softening is inherently connected to strong
electronic correlations.?® It has been suggested that the Q,
Q>, and Q3 phonons become soft at the same temperature;18
we therefore assume |[g;(K,Qi, A, 1) = |g1(K,Q2,A,1)| =
lg1(k,Q3,A,1")| = gig(k), likewise the other electron-phonon
coupling constants, and @(Q;) = w(Q2) = w(Q3) = w. A
finite displacement of the ions is characterized by (bzzﬂ =
(b_q,) # 0. We denote the static lattice distortions by

e % (29)

2
8Qa = ﬁ<b0u> = |8,

el (30)

8Qu ﬁ(bou) = |8q.

Replacing all phonon operators by their averages, the Hamil-
tonian H = H. + He_c + Heph + Hph + Hphpn becomes an
effective electronic model,

3 Z Z AQ(k)fk fi + A (k)ckﬂckﬂ][(a(*la)z + ‘%a]
T [(35s) + 855] + Bsg180s1*} (Sauchaguafi T Sgu i Chra,e)
CLIfL i + CoaMc) e, [55a0s)° + Badas)’]

()"t i, | [(Budap)® + Baudiyp)’]} + DN Y D 156,840 + (Baudap)’ + (4008

o B>a
+(8qud)’1 + DN Z 18qal* + %‘”N Z 18qal® + Hugrku, 31
where «,8,y =1, 2, 3. Moreover, it is D= 2D(Qy,
Qu.Q5.Qp). where B # o, and D = D(Qq,Qu.Qq. Qo). The B (k) = 3g3(k,Q4,Qp, Q. f0), (35)
electron-phonon and phonon- phonon 1nteract10n constants are oB
considered as real numbers except C 5(k) and Ce <5(K). The Byo(k) = 6g3(k,Qp. — Qp.Qq, fr), (36)
phases of these constants must be taken 1nt0 account, otherwise ~
chirality will not develop in our model. For the electron- Copk) = 684(K, Q0. Qu,Qp.Qp. . f). (37
phonon coupling constants we use the shorthand notation ~
Cop(k) = 684(K,Qu.Qu.Qs.Qp. 1, D). (38)
ng(k) = gl(kaoufsa)s (32)
We assume for simplicity that the phonon-phonon interac-
A{Q(k) = 22(k,Qu,Qq, 1 f), (33) tion constants are the same for all combinations of a and
B. In Eq. (31), the term proportional to D, coming from
A‘I'Q(k) = 2,(k,Q4,Qq,1,1), (34) the expansion of the phonon-phonon interaction, guarantees
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that the free energy is bounded from below within our
approximations. Obviously a finite lattice distortion causes a
hybridization between the valence and the conduction bands.
As a consequence a gap in the electronic spectrum opens, just
as in the course of exciton condensation [cf. Eq. (13)]. The
corresponding local electron density is given by Eq. (16).

Of particular interest are the phases 6,. Owing to the terms
on the r.h.s. of Eq. (31) proportional to giq(k) and B (k)
these phases are coupled to the phases of §q,. Let us analyze
the possible values of the phases of the static lattice distortion.
We first note that every Q,, is half a reciprocal lattice vector in
the normal phase, i.e., e¥ @R = 1, where R, is a lattice vector
of the undistorted lattice. Hence

1 : 1 , .
b= ple QR _ bl e QuRi+2iQuR;
Qa N IZ l N IZ l
1 .
= — Y bl QR —pl
VN Xl: ' ~Q

(39)

That is, baa and bT_Qa create the same phonon. This implies

(b&d) = (biQa) = (an). Consequently (bq, ) and d¢q, become
real numbers. However, since a triple CDW is not a simple
superposition of three single CDWs, the situation is more
subtle. Here the change of the periodicity of the lattice caused
by one CDW component affects the formation of the other two
components. To elucidate this in more detail let us assume that
phonon 1 softens at 7., while phonon 2 and phonon 3 soften at
T, — 8T. As aresult of the transition 1 at 7, the periodicity of
the crystal changes and consequently the BZ changes too (see
Fig. 4).

The vectors Q, and Q3 are no longer half-reciprocal lattice
vectors, and Eq. (39) does not apply. Hence, at T, — 6T, (bq2)
and (bg3) are complex numbers with phases that have to be
determined by minimizing the free energy. For 17-TiSe,,

= 23 eiq®0laalleh g il cost@ — 0+
K, a
1 ,
3N ZZ |8Q|3|(CIT(+Qaafk>|
12N Z Z Z

k ay B#a

=] o

3
4D é 204 2 3D|s h 1) ,
+4D Y > 18ql* cos2) cos(2gp) +3DIdgl" + Joldol® + =T

o B>a

where Cf © Cf Je=ifc. We note that each phase

6, 1s excluswely coupled to ¢y. If Zk giok) +

> 5Bl (k)COS(2¢ﬂ)+B (k))|5Qﬁ|]|<Ck+Qaafk>| > 0,
the ch01ce

Oy = o + 2s + D 41

minimizes the energy, where s = 0,1,2, ... . Otherwise 6, are
locked to ¢, + 2sw. Thus, the relationship between ¢, ¢»,
and ¢35 is crucial.

LYo

[2B5 (k) cos(2p) + Bigy(k)] cos(cpe —

5 (K)( Rfo+ Ccﬂ(k)(ck,,cky)]l%l [cos2(¢e —
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FIG. 4. (Color online) BZ in the normal phase (black dotted
hexagon) and (artificial) BZ that would emerge if only the phonon Q;
softens (filled gray hexagon). Red, green, and blue arrows indicate
the ordering vectors Q;, Q,, and Qs, respectively.

8T = 0, but nevertheless the above discussion remains valid.
That is the freedom to fix the phases of the lattice distortions in
an appropriate way results from the fact that one triple-CDW
component must develop in a lattice structure which is already
distorted by the other two triple-CDW components.

C. Ground-state energy

Based on the model (31) we analyze the chiral CDW for-
mation at zero temperature. Taking into account the symmetry
of the conduction bands and the equality of the interaction
constants, we have [8qi| = [6q2| = 16q3] = 18q| and |Aqi| =
A2l = |Aqsl = |Aql. Therewith the ground-state energy per
site follows as

[ALM)(f] fio) + AGE) (el 5] c08(26)
k aopf

Oc)

@p) + ¢c) + cos2ps + ¢p) + ¢c)]

mEFKM

(40)

The Hamiltonian (31) offers a complex model with many
(unknown) parameters. To proceed we assume the electron-
phonon interaction constants as independent of the momentum
k. Moreover, we assume that A‘Q, AC Bf‘g, BZQ, Cofﬁ, C;ﬁ, D,
and D are much smaller than U fes Ua, and g1q. The magnitude
of the EI order parameter and the static lattice distortion are
then primarily determined by the latter interaction constants,
and the constraint for Eq. (41) simply reduces to giq > 0.
Taking only Uy, U, and g;q into account and minimizing
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the free energy with respect to the EI order parameter
yields (3F/d|Aq|) = (8F/8|AQ|) +6|Aq|/Us. =0, while
the minimization with respect to the static lattice distor-
tion yields (0F/0|8ql) = ng(BF/BlAQD + 6hwléql/4 =0,
where the gap parameter is given by

Aqu = 81080x — Aqu- (42)

The relation (41) maximizes the modulus of the gap parameter
(supposing giq > 0). From the energy minimization with
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respect to [Aq| and [8q|:

—éql- 43)
81Q Q

With Egs. (41) and (43) we can express the ground-state energy
per site as

1 _ 1 _
= ﬁEa(wQF) + NE¢(|8Q|2,¢1,¢2,¢3), (44)

=| o

where

L . Uee , 3., 3 (hw
NE8(|5Q| )= N ;Eku(nk) —Ufeng(l —nyg) — T(l —ng) + Zhw|8Q| + 16Ufc< ) 13q1*

3D — L By ) 80 45
+< -3 2Q5)|Q|a (45)
—E¢<|8Q| B1.02.03) = [Ahn s + A1 — np)]Isgl? Zcos<2¢a>———|6q| ZBchos(zqsa)
1 - —c
03 2 D [Clgns + Cop1 = np)]Idgl*(cosl2(du — dp) + bl + cos[2(g + #p) + dcl)
o B#a
+4D5qI* > " cos(26u) cos(2pp). (46)
o B>a

Here EZQ = up ng and §f‘Q =34 B{gg The quasiparticle
energies Ex, (v = A,B,C,D) are obtained by the diagonal-
ization of the Hamilton matrix

Ekf Aal Aaz &33

Aqi ¢ 0 0
(H] = ~Q1 k+Q 1 ) 7
A 0 &2 O
Ags 0 0 &3
Since only |ZQ|2 enters Ex, we may replace ZQa by
~ Ufc how
|Aql = | 10 + RPN 18q] (48)
81Q
in Eq. (47). The choice
~ ~ 1
f
Dz4b+33 > (C
o B>a
1 ~ hw 1 ho
+ - Blo— + —Bxy— (49)
6 Qeq ' 12 %%

o

guarantees the lower boundary of the energy. In the numerical
calculation we use the equality in Eq. (49).

Only the electron-phonon interaction and the phonon-
phonon interaction enter the phase-dependent part of the
ground-state energy E,. It is the quartic order expansion term
of the electron-phonon interaction and the phonon-phonon
interaction (also in quartic order of the lattice distortion)
that relate the phases ¢, ¢», and ¢3 to each other and
favor a phase difference. Without them chirality can not
be stabilized. Note that the 2 x 2 x 2 commensurability

of the CDW is an important prerequisite for E4 # 0.
This rules out incommensurate CDWs exhibiting a chiral

property.
The chiral CDW can be indicated by
dy = 18Q|1(¢1 — $2)(¢1 — $3)(d2 — P3)I. (50)

dy is finite only if the CDW is realized and ¢ # ¢, # ¢3;1i.e.,
it fulfills a prerequisite for an order parameter of the chiral
CDW.

D. Phase boundary of the CDW

In contrast to the ground-state energy (44) the constraint
for the CDW phase boundary can be obtained from Eq. (31)
without approximations. The derivative of the free energy with
respect to the static lattice distortion is needed in the limit
|6qg| — 0. To this end, we use the ansatz

Exa = &y + y_ 18 A cos2pa) + |Aql da

1 _
3 20 Y 18ol*Clyleosl2(@ — ¢) + gl
o« B

+ cos[2(u + ¢p) + ¢cl}. (51)
Exp = 8k + D 180|* A cos(26u) + | Aq[*ds

+5 ZZ 181" Cplcosi2(a — p) + el
o BFa

+ cos[2(¢a + ¢p) + Pcl}, (52)
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Exc = 8k + Z 181> AG cos2¢) + |Aq| dc

+5 Z; 18q1*Clplcos2(ga — pp) + o]

+ cos[2(¢y + ¢p) + dcl}, (53)
Exp = fxiqs + Y 18qI” AG cos(2¢) + |Aq|*dp

F 3l

o B#a
+ cos[2(da + Bp) + dcl}- (54

C<4{cos2(ea — bp) + e

The unknown parameters d,,, v = A, B,C, D can be calculated
from the characteristic polynomial of the Hamilton matrix.
With the ansatz Egs. (51)—(54) and Eq. (43), which also holds
up to linear order in the static lattice distortion, the free energy
can be minimized analytically, which gives the exact result in
the limit |8¢| — 0. Considering this limit the constraint for
the CDW phase boundary is obtained as

3 3
0=Zhwg%Q+ Uscho)® —3gio[Agny + Ay(1 —n )]

16
2 l zl (mEkA f <n11(+Q|>
+ (o + 7Uh0) X (el g
+ . (ni+Qz>_ . (nl3(+Q3)_ )’ (55)
Ek+Q2 — Ekf  Ek4+Q33 T Ekf

where
ME, = Ek+Q,18k+Q2 T Ek+Q18k+Q;3 + Ek+Q,28k+Qs3

+ 3§ﬁf — 28k (BksQut + ka2 + ki), (56)

— -3 2 (= _ —
NEy = & — &y (Bk+Q1 + Ekro2 + EktQu3)
+ &y (5k+Q, 18k+Q,2 + Ek+Q,18k+Q;3

+ Bk 2Bk Qu3) — Bkr Qi1 BkiQu2BhiQua. (57)

E. Characterization of the CDW state in 17 -TiSe,

Experiments identify a close connection between the
appearance of the CDW state and the periodic lattice displace-
ment in 17-TiSe,.” The displacement of the ion m in the unit
cell n is

u(n,m) =

Z m|5Q|€(m .Qu) cos(Qu R, — @), (58)

where €(m,Q,,) is the polarization vector and M,, is the mass
of the ion m. Clearly each CDW component « produces
a 3D lattice distortion. If ¢; # ¢ # ¢3, the lattice will be
differently affected by the phonons Q;, Q», and Q3. Of course
the lattice deformation by the phonon mode Q, is position
dependent; in this way a complicated distortion pattern of
the ions can occur. An instructive picture can be achieved,
however, if one neglects the position dependence in the
xy plane. In this simplified situation, depending on the z
component as a function of the position, the magnitude of
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(@ (b)

FIG. 5. (Color online) (a) For a chiral ordering the maximum
lattice distortion due to the phonon Q, may be located in different
ionic layers. (b) The Se ions in the upper layer are differently
affected by the phonons having momentum Q;, Q,, or Q3. For further
discussion see text.

the lattice displacement differs along Q;, Q», and Q3. As a
result the different ionic layers of 17-TiSe, are dominated
by different phonon modes.” The situation where the lower
Se-ion layer is largely affected by the phonon mode Qj,
the Ti-ion layer by phonons with momentum Q,, and the
upper Se-ion layer by the Q; phonon mode, is illustrated
schematically in Fig. 5(a).

Let us consider the upper plane of Se ions, which is
analyzed in scanning tunneling microscopy experiments.’
There, a relative difference of the phases ¢, leads, e.g.,
to a stronger displacement of the ions in the direction of
Q; than in the direction of Q, and Q3 [see Fig. 5(b)].
Then the CDW transition can be viewed as the formation
of “virtual layers” with ordering vectors assigned to a helical
structure.’ This distortion scenario equates with a fixed phase
difference. Thereby the only crucial parameters are ¢, ¢»,
and ¢3; the finite z component of the ordering vectors is
not a required prerequisite for the chiral CDW. Although the
different orbital character of the CDW components do not
directly influence the charge modulation, the phase difference
leads to a different transfer of spectral weight along Q,, Q,, and
Q3 and the formation of a chiral CDW necessarily generates
an orbital-ordered state.®

Equation (40) specifies values for the phases 6, and ¢,.
Which particular phase takes one of these values remains open.
For instance, the simultaneous transformations 6, — 63 and
¢>» — ¢35 do not change the energy, but convert a clockwise
chiral CDW in an anticlockwise one. The degeneracy of these
two CDW states is in accord with the experimental findings
for 17-TiSe,.’

As is apparent in Eq. (43), for finite Uy, and giq the EI
order parameter |Ag| > 0 if and only if |6g| > 0. This can
also be argued on physical grounds. Let us first consider the
case of vanishing electron-phonon coupling. In the EI phase
(JAq| > 0) the system realizes a CDW. When g;o becomes
finite in addition, the lattice adjusts commensurate with the
electron density modulation. Hence, in this case any finite g
immediately results in |[§g| > 0. On the other hand, at vanish-
ing Coulomb interaction but sufficiently large g1 > g1Q.c, @
lattice instability develops leading to a finite Zk(cl +Qua Sk )
This hybridization parameter enters the explicit equation
for the EI order parameter; see Eq. (12). |Aq| > O then
follows from any finite Coulomb interaction. Our approach
therefore does not discriminate between an excitonic and
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phonon-driven instability if both electron-electron and
electron-phonon interactions are at play.

III. NUMERICAL RESULTS

A. Model assumptions

In view of the quasi-2D crystallographic and electronic
structure of 17-TiSe,, and in order to simplify the numerics,
we restrict the following analysis to a strictly 2D setting. More-
over, being close to the Fermi energy, we will approximate the
bands parabolically:'”

Ekf = —If (ki + k%) y (59)
ekt = t5(ky — Qu)? + 1) (ky — Q1) + E.,  (60)

with hopping amplitudes t7, #}, and t}. The other two
conduction bands ¢k, and g3 have analogous dispersions, but
the momenta are rotated by 277 /3 and 47 /3, respectively. All
three conduction bands share the same minimum E'; see Fig. 3.

From the band dispersion provided by Monney et al. in
Ref. 10 we derive ty = 1.3 eV, which will be taken as the
unit of energy hereafter, and ¢ = 0.042 and 7 = 0.105.
The bare phonon frequency is estimated as iw = 0.013, in
accordance with the value given by Weber et al. in Ref. 20.
Furthermore, we set E, = —3.30 and U, = Uy, + 1.0. Note
that £, is the minimum of the bare conduction band. The
effective band overlap will be significantly smaller due to the
Coulomb interaction induced Hartree shift. If it is not explicitly
noted we taking =0.5x 1074, §2Q =104, C_’O{ﬂ = C_‘;ﬁ =
8.5x 107*, D =107, and ¢¢ = 3m/10.

The self-consistency loop, comprising the determination
of the total and partial particle densities and the chemical
potential, is solved iteratively until the relative error of each
physical quantity is less than 1076, The numerical integrations
were performed using the Cubpack package.*’

B. Formation scenario of the chiral CDW

We start with the analysis of the ground-state energy (T =
0), where we treat the static lattice distortion as a variational
parameter. Without loss of generality we choose ¢ = /2.
The other phases ¢, and ¢3 are determined by minimizing
E4/N using a simplex method. The results for Uy = 2.5 and
g1Q = 0.03 are shown in Fig. 6.

Since we assumed the nonlinear electron-phonon and the
phonon-phonon interaction constants are much smaller than
Ute, Ueerand g1, the energy E/N ~ Es/N and the (physical)
static lattice distortion, given by the dashed lines in Fig. 6, is
primarily determined by the Coulomb interaction and giq.

We find a complex formation scenario for the chiral
property. For |§g| — O all phases are equal, i.e., ¢; = ¢ =
¢3 = /2 and the CDW is nonchiral. With growing static
lattice distortion ¢, = ¢3 # ¢;. Compared with the normal
phase and the limit [§y| — O the mirror symmetry is reduced
in this state. However, there exists a mirror symmetry along
Q; (cf. Fig. 1), and the CDW is still nonchiral. If the static
lattice distortion exceeds a threshold, chirality sets in and

1 F# P2 # Ps.
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FIG. 6. (Upper panels) Phases and (lower panels) ground-state
energy as a function of the static lattice distortion. The dashed lines
designate the physical value of the static lattice distortion. We set
¢ = /2 and the interband Coulomb interaction is U, = 2.5. For
the electron-phonon interaction we take g1o = 0.03, (a) Aé = A, =

107, and (b) A = AG =5 x 107*.

With increasing AL the threshold for the static lattice
distortion that separates the chiral and the nonchiral CDW
grows; see Fig. 7. The electron-phonon interaction constant
g1q barely influences the chiral property of the CDW.

The scenario shown in Fig. 6 suggests that coming from the
uniform, high-temperature phase and lowering T there is first
a transition to the nonchiral CDW at Tjonchiraicpw. Chirality
is formed at Tipiraicpw < ThonchiraicDw. This sequence of
transitions agrees with the result from the Landau-Ginzburg
approach’® and is supported by very recent x-ray diffraction
and electrical transport measurements.’® The difference be-
tween Thonchiral cow and Tepiral cpw 1S estimated experimentally
to be less than 10K. Moreover, the suggested transition
scenario does not contradict experiment, where 17-TiSe; is
gradually doped with Cu until the CDW is suppressed in
favor of a superconducting phase.’' Here chirality is present
until the breakdown of the CDW. Since the transition from
the CDW to the superconducting phase is affirmed as a first
order transition, |86q| does not have to be small at the phase
boundary and chirality may exist.

To combing our approach with the Landau-Ginzburg treat-
ment we set Bj, =0, D =0, neglect the terms cos(2(¢« +
@) + dc), and set ¢c =0. Our model then reproduces
the functional dependency of the free energy functional in
Refs. 7 and 8. The Landau-Ginzburg parameters can then be

0.03H T
—— 9,4=0.03, A, =A,"=10

0,02~ 9107008 A=A =5x10"
= | 9,6=0.11, A=A =10 -
0.01F 7T

0 | |

0 0.5 1 1.5 2 25 3

84

FIG. 7. Chiral-CDW characteristic quantity d, as a function of
the static lattice distortion. The solid line represents the result for
g1 = 0.03 and A‘(’; = Aa = 107*, the long-dashed line is the result

for g1 = 0.03 and A'é = Aa =5 x 107, and the dotted line shows
the result for g1q = 0.11 and A} = A = 107,
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-0.005 +

b4
~-0.01 1

-0.015 | °

E/N

-0.02

FIG. 8. (Color online) (a) Phases and ground-state energy as
a function of the static lattice distortion, where the functional
dependency on the phases ¢, is assumed as in Refs. 7 and 8.
(b) Comparison of the phase-dependent part of the ground-state
energy Eq. (46) (black solid line) and the counterpart for the phase
dependency as suggested by van Wezel”® (red dot-dashed line). The
small vertical lines in the inset indicate the critical |§q | for the onset of
chirality in the respective approximation scheme. In both figures the
dashed line designates the physical value of the static lattice distortion.
The model parameters are Uy, = 2.5, g1q = 0.03, A'é = A& =10"*

expressed as

3 3 3 ho \*
Zap = —“ho— —Usp| — ) . 61
o= 10 (o) ©b
1 _ _
Eaml-y)zzAgnf+-A6(1—nfy (62)
3 ~ ~ ho
5 (I5¢o + 8dp) = 3D — Bryg—, (63)
8 81Q
3 - e
6= Clony + Copg(1 —nyp). (64)

Figure 8(a) shows an example for this scheme.

Note that the phases ¢, are periodic with 7 and Fig. 8(a)
shows that ¢, = —¢3, which was obtained analytically in
Refs. 7 and 8. Most notably, if the cos(2(¢y + ¢p) + ¢c)
contribution and the phase ¢¢ are neglected the “intermediate”
state where ¢ = ¢3 # ¢; is missing. The chiral CDW emerges
directly from the nonchiral CDW, where ¢ = ¢ = ¢p3 =
7/2. The comparison of the phase-dependent part E,/N
shows that the approximation provided by Eq. (46) exhibits
the lower energy. The onset of the chiral CDW differs only
slightly between the two approximation schemes.

C. Phase diagram of the mEFKM

To set the stage for the analysis of the interplay of
Coulomb and electron-phonon interaction effects we first
discuss the phase diagram of the pure mEFKM; see Fig. 9.
Here, since gig = 0 (and as a result 5o, = 0), the EI low-
temperature phase typifies a normal CDW. As for the EFKM
on a square lattice (see inset), at 7 =0 we find a finite
critical Coulomb strength above which the EI phase does not
exist. This is because the large band splitting caused by the
Hartree term of the Coulomb interaction prevents c- f electron
coherence.*?

In contrast to the EFKM, in our four-band model we
also find a critical lower Coulomb strength for the EI phase.
This can be understood as follows: since the valence band is
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| 2| EFKM )
0.1 < semi- |
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& [metal /' E|
0.05[- = El 4
I U (arb. units)
0 | | | |
0 1 2 3 4 5
Ufc

FIG. 9. Phase diagram of the mEFKM. The inset displays the
schematic phase diagram of the simplified two-band EFKM on a
square lattice according to Ref. 42.

isotropic while the conduction-band dispersions are strongly
anisotropic, particles close to the Fermi level do not find a large
number of partners with appropriate momentum for electron-
hole pairing. Thus, for Uy, smaller than a critical Coulomb
attraction, the amount of energy to create a macroscopic
number of excitons is larger than the energy gain from the
condensation transition into the EI state. Therefore the system
remains in the semimetallic phase.” The rather abrupt increase
of the critical temperature at the lower critical Coulomb
interaction is due to the degeneracy of the conduction bands
and the particular anisotropy used.

D. Influence of the lattice degrees of freedom

We now analyze the situation when phonons participate
in the CDW formation. In Fig. 10 the critical temperatures
for g1g = 0.03 and g1 = 0.11 can be found. For very small
electron-phonon coupling the phase diagram resembles the
situation for the mEFKM. As the interaction strength giq
increases the situation changes dramatically. For sufficiently
large electron-phonon couplings, we no longer find critical
lower and upper values U for the CDW transition and the
transition temperature increases linearly with U .. That is the
critical temperature is significantly enhanced by g1q. Evidently
electron-hole attraction and electron-phonon coupling act
together in the formation of a very stable CDW phase.

The impact of the Coulomb interaction and the electron-
phonon interaction is summarized by the ground-state phase
diagram shown in Fig. 11. For weak electron-phonon cou-
plings giq the CDW is mainly driven by the Coulomb
attraction Uy, between electrons and holes. The greater gq,
the larger the region where the CDW is stable. For g1q > 0.09
the electron-phonon coupling alone can cause the CDW

15 ‘ ‘ ‘ ‘ ‘ ‘ :
|—9,,=0.03 =T
17 _ ”,’ —
__g —011 -
— | 1Q -
05F __---7 .
l —
% 1 2 3 4 5
Ufc

FIG. 10. CDW phase boundaries for g, = 0.03 (solid line) and
g1q = 0.11 (dashed line).
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0.12 w T ‘ T

pure lattice-driven CDW
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FIG. 11. (Color online) Ground-state phase diagram of the
mEFKM with additional electron-phonon coupling. The CDW phase
is characterized by a finite gap parameter | Aq|. The red line at g1 = 0
marks the EI phase of the pure mEFKM. The blue line at Uy, =0
refers to a CDW induced solely by the electron-lattice interaction. The
green point designates the range of model parameters appropriate for
1T-TiSe,.

transition, even at Uy, = 0 (blue line in Fig. 11). Depending
primarily on the magnitude of the static lattice distortion the
CDW can be chiral in this limit, whereas the CDW in the
opposite EI limit does not exhibit chirality (g1 = 0, red line
in Fig. 11).

E. Relation to 17 -TiSe,

Based on the phase diagram derived for the mEFKM with
electron-phonon coupling, we now attempt to estimate the
electron-electron and electron-phonon interaction constants,
Uy and gyq, for 1T-TiSe,. To make contact with experiments
we take the displacements of the Ti ions measured by Di
Salvo et al.: ii(n,m = Ti) = 0.04A.4 Then, from Eq. (58),
we can specify the value of |dq|. For 1T-TiSe,, the gap
parameter was determined experimentally as 120 meV by
Monney et al.; see Ref. 44. Adjusting this value to our
theoretical results yields Uy, ~ 2.5 (= 3 eV) and giq ~ 0.03
(=~ 0.04 eV); see the green marker in Fig. 11. For these values
both the theoretical ion displacement and gap parameter are
in the same order of magnitude as the measured ones. Using
Uy. =~ 2.5 for 1T-TiSe,, the electron-hole pairing is BCS-like.
Since g1 = 0.03 is too small to cause a CDW for vanishing
Coulomb interaction and, as discussed above, the EI scenario
alone will not yield a stable chiral CDW, our results are in
favor of a combined lattice-deformation/EI mechanism for the
experimentally observed chiral CDW transition, as suggested
in Refs. 22 and 54.

IV. CONCLUSIONS

In this work we have argued how the observed chiral charge-
density-wave (CDW) phase in 17-TiSe, may be stabilized.
In the framework of the multiband extended Falicov-Kimball
model (mEFKM) we showed that a purely electronic, exciton
pairing and condensation, mechanism is insufficient to induce
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the observed (long-ranged) chiral charge order. We propose
that the coupling of the electrons to the lattice degrees of
freedom is essential for the formation of a chiral CDW
state.

We note that in our model clockwise and anticlockwise
CDWs are degenerate. This is in accord with experimental
findings.> The chiral property can properly be observed
in the ionic displacements accompanying the CDW in
1 T—TiSez.

Whether the chiral CDW is stabilized depends particularly
on the magnitude of the static lattice distortion and also on
the ratios of the electron-phonon, respectively the phonon-
phonon, interaction constants. Our analysis confirms the
sequential transition scenario Tchiraicpw < Tnonchiral CDW S Was
proposed in Refs. 7 and 8 and corroborated experimentally.>
However, we extended this scenario by the inclusion of further
interactions. This leads to a CDW state for Tepiraicpw < T <
Thonchiral cDW> Where the mirror symmetry is reduced compared
to the normal phase, but chirality is not yet formed.

Concerning the microscopic mechanism underlying the
CDW transition, we demonstrated that electron-electron in-
teraction and electron-phonon coupling support each other in
driving the electron-hole pairing and finally the instability.
This suggests that the CDW transition in 17-TiSe; is due
to a combined lattice distortion and exciton-condensation
effect. The outcome is a spontaneous broken-symmetry CDW
low-temperature state with small but finite lattice deformation.
Of course, both the mean-field treatment of the Coulomb
interaction and the frozen-phonon approach are rather crude
approximations and a more elaborated study of the complex
interplay between the electronic and phononic degrees of
freedom is highly desirable to confirm our proposed scenario
for the chiral CDW transition in 17 -TiSe,.

Let us finally point out that we called |Aq] the excitonic-
insulator order parameter on account of its analog in the
EFKM.*>*? The meaning of a finite |Aq| in the presence of a
band coupling is imprecise however. Likewise a spontaneous
hybridization of the valence band with one of the conduction
bands, signaling the exciton condensate in the mEFKM, may
be induced by a sufficiently large electron-phonon coupling
g19- A general criterion for the formation of an exciton
condensate in a strongly coupled band situation has not been
established to date. This is an open issue which deserves further
analysis because of its relevance in characterizing the nature
of CDW transitions also in other materials.3>-

ACKNOWLEDGMENTS

We thank P. Aebi, K. W. Becker, F. X. Bronold, D. Ihle,
G. Monney, and N. V. Phan for valuable discussions. This
work is supported by the Deutsche Forschungsgemeinschaft
through SFB 652 (project BS), by the Fonds National Suisse
pour la Recherche Scientifique through Div. II, the Swiss
National Center of Competence in Research MaNEP, and the
US Department of Energy. C.M. acknowledges also support
by the Fonds National Suisse pour la Recherche Scientifique
under grant PAOOP2-142054.

075138-11



ZENKER, FEHSKE, BECK, MONNEY, AND BISHOP

'R. Peierls, Quantum Theory of Solids (Oxford University Press,
Oxford, 1955).

2]. Sélyom, Adyv. Phys. 28, 201 (1979).

3G. Griiner, Density Waves in Solids (Perseus Publishing, New York,
2000).

“F. J. Di Salvo, D. E. Moncton, and J. V. Waszczak, Phys. Rev. B 14,
4321 (1976).

3J. Ishioka, Y. H. Liu, K. Shimatake, T. Kurosawa, K. Ichimura,
Y. Toda, M. Oda, and S. Tanda, Phys. Rev. Lett. 105, 176401
(2010).

6J. van Wezel and P. Littlewood, Physics 3, 87 (2010).

7J. van Wezel, Europhys. Lett. 96, 67011 (2011).

8]. van Wezel, Physica B 407, 1779 (2012).

°H. Cercellier, C. Monney, F. Clerc, C. Battaglia, L. Despont,
M. G. Garnier, H. Beck, P. Aebi, L. Patthey, H. Berger, and
L. Forrd, Phys. Rev. Lett. 99, 146403 (2007).

10C. Monney, H. Cercellier, F. Clerc, C. Battaglia, E. F. Schwier,
C. Didiot, M. G. Garnier, H. Beck, P. Aebi, H. Berger, L. Forrd,
and L. Patthey, Phys. Rev. B 79, 045116 (2009).

''C. Monney, C. Battaglia, H. Cercellier, P. Aebi, and H. Beck, Phys.
Rev. Lett. 106, 106404 (2011).

2M. M. May, C. Brabetz, C. Janowitz, and R. Manzke, Phys. Rev.
Lett. 107, 176405 (2011).

3T. Rohwer, S. Hellmann, M. Wiesenmayer, C. Sohrt, A. Stange,
B. Slomski, A. Carr, Y. Liu, L. M. Avila, M. Kallane, S. Mathias,
L. Kipp, K. Rossnagel, and M. Bauer, Nature (London) 471, 490
(2011).

'“H. P. Hughes, J. Phys. C 10, L319 (1977).

I5K. Rossnagel, L. Kipp, and M. Skibowski, Phys. Rev. B 65, 235101
(2002).

19Y. Yoshida and K. Motizuki, J. Phys. Soc. Jpn. 49, 898 (1980).

7K. Motizuki, N. Suzuki, Y. Yoshida, and Y. Takaoka, Solid State
Commun. 40, 995 (1981).

8N. Suzuki, A. Yamamoto, and K. Motizuki, J. Phys. Soc. Jpn. 54,
4668 (1985).

M. Holt, P. Zschack, H. Hong, M. Y. Chou, and T. C. Chiang, Phys.
Rev. Lett. 86, 3799 (2001).

20F. Weber, S. Rosenkranz, J.-P. Castellan, R. Osborn, G. Karapetrov,
R. Hott, R. Heid, K.-P. Bohnen, and A. Alatas, Phys. Rev. Lett. 107,
266401 (2011).

2IM. Calandra and F. Mauri, Phys. Rev. Lett. 106, 196406 (2011).

22]J. van Wezel, P. Nahai-Williamson, and S. S. Saxena, Europhys.
Lett. 89, 47004 (2010).

23C. Monney, G. Monney, P. Aebi, and H. Beck, New J. Phys. 14,
075026 (2012).

24]J. Neuenschwander and P. Wachter, Phys. Rev. B 41, 12693
(1990).

25P. Wachter and B. Bucher, Physica B 408, 51 (2013).

26K. Kanda, K. Machida, and T. Matsubara, Solid State Commun. 19,
651 (1976).

21T, Portengen, T. Ostreich, and L. J. Sham, Phys. Rev. Lett. 76, 3384
(1996).

PHYSICAL REVIEW B 88, 075138 (2013)

28C. D. Batista, Phys. Rev. Lett. 89, 166403 (2002).

2N. F. Mott, Philos. Mag. 6, 287 (1961).

R. Knox, in Solid State Physics, edited by F. Seitz and D. Turnbull
(Academic Press, New York, 1963), Suppl. 5, p. 100.

3D. Jérome, T. M. Rice, and W. Kohn, Phys. Rev. 158, 462 (1967).

32F. X. Bronold and H. Fehske, Phys. Rev. B 74, 165107 (2006).

3C. D. Batista, J. E. Gubernatis, J. Bon¢a, and H. Q. Lin, Phys. Rev.
Lett. 92, 187601 (2004).

34P. FarkaSovsky, Phys. Rev. B 77, 155130 (2008).

35C. Schneider and G. Czycholl, Eur. Phys. J. B 64, 43 (2008).

36D. Thle, M. Pfafferott, E. Burovski, F. X. Bronold, and H. Fehske,
Phys. Rev. B 78, 193103 (2008).

37B. Zenker, D. Ihle, F. X. Bronold, and H. Fehske, Phys. Rev. B 81,
115122 (2010).

V.-N. Phan, K. W. Becker, and H. Fehske, Phys. Rev. B 81, 205117
(2010).

39B. Zenker, D. Ihle, F. X. Bronold, and H. Fehske, Phys. Rev. B 83,
235123 (2011).

40N. V. Phan, H. Fehske, and K. W. Becker, Europhys. Lett. 95, 17006
2011).

#IK. Seki, R. Eder, and Y. Ohta, Phys. Rev. B 84, 245106 (2011).

42B. Zenker, D. Ihle, F. X. Bronold, and H. Fehske, Phys. Rev. B 85,
121102(R) (2012).

BC. Monney, E. F. Schwier, M. G. Garnier, N. Mariotti, C. Didiot,
H. Cercellier, J. Marcus, H. Berger, A. N. Titov, H. Beck, and
P. Aebi, New J. Phys. 12, 125019 (2010).

#C. Monney, E. F. Schwier, M. G. Garnier, N. Mariotti, C. Didiot,
H. Beck, P. Aebi, H. Cercellier, J. Marcus, C. Battaglia, H. Berger,
and A. N. Titov, Phys. Rev. B 81, 155104 (2010).

4M. Cazzaniga, H. Cercellier, M. Holzmann, C. Monney, P. Aebi,
G. Onida, and V. Olevano, Phys. Rev. B 85, 195111 (2012).

46C. Monney, G. Monney, P. Aebi, and H. Beck, Phys. Rev. B 85,
235150 (2012).

47]. M. Ziman, Electrons and Phonons (Clarendon, London, 1960).

“N. W. Ashcroft and N. D. Mermin, Solid State Physics (Saunders
College Publishers, Philadelphia, 1976).

“R. Cools and A. Haegemans, ACM Trans. Math. Softw. 29, 287
(2003).

NJ-P. Castellan, S. Rosenkranz, R. Osborn, Q. Li, K. Gray,
G. Karapetrov, J. Ruff, and J. van Wezel, arXiv:1204.1374.

SIM. Iavarone, R. di Capua, X. Zhang, M. Golalikhani, S. A. Moore,
and G. Karapetrov, Phys. Rev. B 85, 155103 (2012).

52E, Morosan, H. W. Zandbergen, B. S. Dennis, J. W. G. Bos,
Y. Onose, T. Klimczuk, A. P. Ramirez, N. P. Ong, and R. J. Cava,
Nat. Phys. 2, 544 (20006).

3], Zittartz, Phys. Rev. 162, 752 (1967).

7. Zhu, Y. Cheng, and U. Schwingenschlogl, Phys. Rev. B 85,
245133 (2012).

35T. Kaneko, T. Toriyama, T. Konishi, and Y. Ohta, Phys. Rev. B 87,
035121 (2013).

D. K. Efimkin, Yu. E. Lozovik, and A. A. Sokolik, Phys. Rev. B 86,
115436 (2012).

075138-12


http://dx.doi.org/10.1080/00018737900101375
http://dx.doi.org/10.1103/PhysRevB.14.4321
http://dx.doi.org/10.1103/PhysRevB.14.4321
http://dx.doi.org/10.1103/PhysRevLett.105.176401
http://dx.doi.org/10.1103/PhysRevLett.105.176401
http://dx.doi.org/10.1103/Physics.3.87
http://dx.doi.org/10.1209/0295-5075/96/67011
http://dx.doi.org/10.1016/j.physb.2012.01.028
http://dx.doi.org/10.1103/PhysRevLett.99.146403
http://dx.doi.org/10.1103/PhysRevB.79.045116
http://dx.doi.org/10.1103/PhysRevLett.106.106404
http://dx.doi.org/10.1103/PhysRevLett.106.106404
http://dx.doi.org/10.1103/PhysRevLett.107.176405
http://dx.doi.org/10.1103/PhysRevLett.107.176405
http://dx.doi.org/10.1038/nature09829
http://dx.doi.org/10.1038/nature09829
http://dx.doi.org/10.1088/0022-3719/10/11/009
http://dx.doi.org/10.1103/PhysRevB.65.235101
http://dx.doi.org/10.1103/PhysRevB.65.235101
http://dx.doi.org/10.1143/JPSJ.49.898
http://dx.doi.org/10.1016/0038-1098(81)90052-1
http://dx.doi.org/10.1016/0038-1098(81)90052-1
http://dx.doi.org/10.1143/JPSJ.54.4668
http://dx.doi.org/10.1143/JPSJ.54.4668
http://dx.doi.org/10.1103/PhysRevLett.86.3799
http://dx.doi.org/10.1103/PhysRevLett.86.3799
http://dx.doi.org/10.1103/PhysRevLett.107.266401
http://dx.doi.org/10.1103/PhysRevLett.107.266401
http://dx.doi.org/10.1103/PhysRevLett.106.196406
http://dx.doi.org/10.1209/0295-5075/89/47004
http://dx.doi.org/10.1209/0295-5075/89/47004
http://dx.doi.org/10.1088/1367-2630/14/7/075026
http://dx.doi.org/10.1088/1367-2630/14/7/075026
http://dx.doi.org/10.1103/PhysRevB.41.12693
http://dx.doi.org/10.1103/PhysRevB.41.12693
http://dx.doi.org/10.1016/j.physb.2012.09.018
http://dx.doi.org/10.1016/0038-1098(76)91096-6
http://dx.doi.org/10.1016/0038-1098(76)91096-6
http://dx.doi.org/10.1103/PhysRevLett.76.3384
http://dx.doi.org/10.1103/PhysRevLett.76.3384
http://dx.doi.org/10.1103/PhysRevLett.89.166403
http://dx.doi.org/10.1080/14786436108243318
http://dx.doi.org/10.1103/PhysRev.158.462
http://dx.doi.org/10.1103/PhysRevB.74.165107
http://dx.doi.org/10.1103/PhysRevLett.92.187601
http://dx.doi.org/10.1103/PhysRevLett.92.187601
http://dx.doi.org/10.1103/PhysRevB.77.155130
http://dx.doi.org/10.1140/epjb/e2008-00273-y
http://dx.doi.org/10.1103/PhysRevB.78.193103
http://dx.doi.org/10.1103/PhysRevB.81.115122
http://dx.doi.org/10.1103/PhysRevB.81.115122
http://dx.doi.org/10.1103/PhysRevB.81.205117
http://dx.doi.org/10.1103/PhysRevB.81.205117
http://dx.doi.org/10.1103/PhysRevB.83.235123
http://dx.doi.org/10.1103/PhysRevB.83.235123
http://dx.doi.org/10.1209/0295-5075/95/17006
http://dx.doi.org/10.1209/0295-5075/95/17006
http://dx.doi.org/10.1103/PhysRevB.84.245106
http://dx.doi.org/10.1103/PhysRevB.85.121102
http://dx.doi.org/10.1103/PhysRevB.85.121102
http://dx.doi.org/10.1088/1367-2630/12/12/125019
http://dx.doi.org/10.1103/PhysRevB.81.155104
http://dx.doi.org/10.1103/PhysRevB.85.195111
http://dx.doi.org/10.1103/PhysRevB.85.235150
http://dx.doi.org/10.1103/PhysRevB.85.235150
http://dx.doi.org/10.1145/838250.838253
http://dx.doi.org/10.1145/838250.838253
http://arXiv.org/abs/arXiv:1204.1374
http://dx.doi.org/10.1103/PhysRevB.85.155103
http://dx.doi.org/10.1038/nphys360
http://dx.doi.org/10.1103/PhysRev.162.752
http://dx.doi.org/10.1103/PhysRevB.85.245133
http://dx.doi.org/10.1103/PhysRevB.85.245133
http://dx.doi.org/10.1103/PhysRevB.87.035121
http://dx.doi.org/10.1103/PhysRevB.87.035121
http://dx.doi.org/10.1103/PhysRevB.86.115436
http://dx.doi.org/10.1103/PhysRevB.86.115436



