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C-NC-| CDW transition with Q=G/N
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C-NC-| CDW transition with Q=G/N

— ¢(x)

CCDW

Normal state Q=G/2

NCCDW

ICDW

G/2=rm/a p(x) = R[¢(x)e' ]
Translations represented by sign change - Real order parameter ¢(x)!

Pz +a) = 'V(z) = eT(z) = —(x)




C-NC-| CDW transition with Q=G/N

Normal state Q=G/2

ICDW Ising
n domain
G/2=7/a pla) = R(o(2)e'?"] = o(x) cos(~x)

Translations represented by sigh change = Real order parameter ¢(x)!

Pz +a) = 'V(z) = eT(z) = —(x)

W. L. McMillan, Phys. Rev. B (1976), K. Nakanishi & H. Shiba, J. Phys. Soc. Jap. (1977)...
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Bulk TiSe, : example of CDW with N=2
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Castro-Neto, Nature (2016)

ICDW state and DWs may play an
important role in the emergence of SC



Bulk TiSe, : example of CDW with N=2
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ICDW state and DWs may play an

important role in the emergence of SC
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Domains in Cu doped bulk samples. CDW OPs?

Kogar, PRL (2017), Novello PRL (2017), Yan PRL
(2017), Spera PRB (2019), Pasztor PRR (2019)...



Bulk TiSe, : example of CDW with N=2
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Domains in Cu doped bulk samples. CDW OPs?
Role of disorder in domain formation?

ICDW state and DWs may play an

important role in the emergence of SC Kogar, PRL (2017), Novello PRL (2017), Yan PRL

(2017), Spera PRB (2019), Pasztor PRR (2019)...



Monolayer TiSe, (Ugeda’s lab) STM tip
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CDW in small scales: 2x2 triple-Q Gn = G2 = M,

STM tip
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102x2(f) =2

CDW in small scales: 2x2 triple-Q
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Extract CDW order parameters: A (x) and ¢ (x)

Measured by STM Implement Lawler-Fujita to extract
with well defined phases A%

M (primary) — A, = $AM ’

M (secondary) — ¢, = f(RAM SAM RpAM)

49 pm



Extract CDW order parameters: A (x) and ¢ (x)

Measured by STM Implement Lawler-Fujita to extract
with well defined phases AY

M (primary) — A, = SAM
M (secondary) — ¢, = f(RAM SAM RpAM)

Triple-Q CDW
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Extract CDW order parameters: A (x) and ¢ (x)

Measured by STM Implement Lawler-Fujita to extract Reconstructed with
with well defined phases AY extracted A, and ¢,

M7 (primary) — A, = IAM'
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L * A * Mj (secondary) — ¢, = F(RAM SAM RAM') \y
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Triple-Q CDW
ALY :
X ® ‘.
= ¢ (X) e —— -
" 1 A,(x)
Y 2l' " } = () o =2
e ——— Ay(x) . .
49 pm 3 - - - - .

Distance (a.u.)



CCDW state

4 choices for the
propeller centerin the
CDW unit cell & chirality:

8 degenerate CCDW
ground states
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CDW over large scales: NC-CDW phase

Inverse FFT (M peaks)

Highly inhomogeneous 2x2 CDW with
LR ordering of domains & FT same as
for single domain - NC phase

Modulation of A~20 nm, 1D stripes
(not previously believed 2D network)

OmE Wm38A O W 57 pm
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CDW over large scales: NC-CDW phase
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Inverse FFT (M peaks)

Highly inhomogeneous 2x2 CDW with
LR ordering of domains & FT same as
for single domain - NC phase

Modulation of A~20 nm, 1D stripes
(not previously believed 2D network)

ONE Wm38A O " 57 pm
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Intertwinned CDW order parameters

—

gne ~ Qo super-domain



Intertwinned CDW order parameters

136- -126 -2.90 = W 2.66 -4.96 = W563

T

1o m6.7

Ay ~ sin(gne®) + csin(3gneT)
Ag ~ sin(2¢ncT)

Ag ~ Cos(qNC:c) — ccos(3gneT)
On X —Ay,

gne ~ Qo super-domain



Intertwinned CDW order parameters

~l.38- m1.26 -2.90 = W 2.66 -4.96 = W56
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NC-CDW state

CDW state (T <T )
8 degenerate CCDW ..
ground states J% 0@ T
A € A' Normal state
B 0 Bl 0 4
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Origin of the Ising domain wall phenomenology

Ginzburg-Landau theory of coupled A, (primary) and ¢, (secondary)
F = Foeow + F5 + F30 + Fu

Ginzburg-Landau model Experiment




* ¢, crucial (harmonic content generated by cubic terms):

Origin of the Ising domain wall phenomenology

Ginzburg-Landau model

f:fCCDw—F./TaA—FfaAQS—I—fN M

Feeow = 2, [aaA2 + caAA} + agd? + bpd1dads + codh + bastdnAni1Ania]




Origin of the Ising domain wall phenomenology

Ginzburg-Landau model

f:fCCDw+~7:aA+)saA\¢+}-N

* ¢, crucial (harmonic content generated by cubic terms):

Feeow = 2, [aaA2 + caAA} + agd? + bpd1dads + codh + bastdnAni1Ania]

* Derivative terms driving I-CDW (no dephasing so not McMillan term):

f&.]ﬁ(f) =3, Ay (df02 + d503) A, with df,d§ > 0




Origin of the Ising domain wall phenomenology

Ginzburg-Landau model

f:fCCDw—F./TaA—F&QS—I—fN M

* ¢, crucial (harmonic content generated by cubic terms):

Feeow = 2, [aaA2 + caAA} + agd? + bpd1dads + codh + bastdnAni1Ania]

* Derivative terms driving I-CDW (no dephasing so not McMillan term):

Fr =S A, (202 + d0Y) A, with df,d > 0
* Alternation of nematic direction component in consecutive domain wall

Fy=an (4 (A3 - 2348 - § (831 43)) - (Vo )

2



W. Wan et al, arXiv:2411.05725 (2024)

ConClUSionS MNG and F. de Juan, in preparation

* NC-CDW in monolayer TiSe,: coupled A, (primary) and ¢, (secondary) with Ising DWs
* ldentified minimal GL terms: (i) secondary OP crucial (ii) nematic component at DWs

* Outlook: Revisit bulk! Chirality? Implications for SC ?
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Triple-Q CDW (M=G./2)
A(Z) = (A1(Z), Aa(T), A3 ()

mirror odd
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Minimize F by expanding the OPs in harmonics

$i(z) =) Gine™
AZ(SC) = Z Ai,neinnm

N{(x) =) NE.em”

o= $1(n)
= $2(n)
== $3(n)
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