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CDW in cuprates

CDW is a clear part of the cuprate HTSC phase diagram
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Transport in CDW

It is characterized by some peculiar transport features:
The smooth upturn of the resistivity
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Transport in CDW

It is characterized by some peculiar transport features:
Change of sign in the thermopower
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Effective theory of transport in CDW
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Effective theory of pinned CDW

Let’s consider the EFT of a Goldstone mode of the broken
translations:

¢(x)— a point of CDW located at position x
d(x) = o(x) + dp— a shift of CDW, or redefinition of internal ruler
0rp(x) — velocity of CDW at position x
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J.Armas, A.Jain 2001.07357, recall also talk by B.Gouteraux
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Effective theory of pinned CDW

Conservation laws include pinning term ' and Goldstone mass mé
V. T =0,
VuJt =0

VuTl = —pdedAs + T Te — Gm30¢
L. V. Delacrétaz, et al, 1702.05104

The theory can be formulated having arbitrary metric in mind.

S I.J I _ I
crystal metric: h” = g"”e e}, €, = Ou¢

. 1
strain tensor: uy; = E(HU - h/J)
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Effective theory of pinned CDW

Constitutive relations involve v — a contribution of moving CDW
to the current. In conventional gapped CDW: 0, =0, £ =0

I = pbuy + (06 — Suy) — 0g <T08X% + atan) ,

T — P+ (55T + p0 4 (C+1)Dxdux — (B + G)8X5¢—2778X5gtx>.
A decay rate Q must be added to the Josephson relation:

0:0¢ = Sux + £(B + G)925¢ — & (ToaX% + ataAX> — Q6.
Consistency and locality requires

v = -, szméG.

J.Armas, A.Jain 2001.07357,
L.V. Delacrétaz, B. Goutéraux, V. Ziogas 2111.13459

also talk by B. Groutéreaux
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Decay of the Goldstone

Note that £ measures the diffusivity of the Goldstone
0@%ﬁw+ﬂ8+®£w—&%naé+&M0—QM.

w(k) = —iQ —i&(B+ G)k?
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Thermo-electric transport

Let us look at full matrix of thermo-electric conductivities

(@) (= %) (%)
Q* Ta Ti)\-%L
QX:TXt_MOJX

o= (<), Ta = (JQ), TR = (Q*QX)

We can evaluate it by taking the variations with respect to the
perturbative sources dAy(w) and dgix(w)
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Effective theory of pinned CDW

The AC conductivities can be evaluated
o) = 5 PA(Q — iw) — FPwa(T — iw) — 2pFw?
123 (T = iw)(Q — iw) + w)
5E((Q — i “2 2(F i N (m mvx 2
Ia(w) P P5((Q2 — iw) + F2wg (T — iw) — (5 — p)jwg

1o 13X (M= iw)(Q — iw) + w3)
T_ L R(Q - iw) — FPWA(T — iw) + 285w
—2:‘4}((;)):0"" (2 )r—OQ— 2 05
15 15X (T = iw)( iw) + wg)

where p = uop, S = TS, Xnxr = P+ S and

Gm
§=0q+EV, wh= , A= poXar Q=EmG

e

<N

At wo > 2 these are the asymmetric peaks at w ~ +wo — i(I + Q)
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Effective theory of pinned CDW

DC conductivities have simple form

2
—— (r—")

14+ &M
(P =ML +9)
—a = —04+ L
124 q 5 1+§rX7r7r
T sL 4 4)2
_2R:aq+£(#0 )
Mo

At small pinning scale I', DC transport is insensitive to impurities!

In conventional gapped CDW in Fermi liquid: 0, =0, £ =0,

therefore conventional pinned CDW is an insulator.
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Holographic model with pinned CDW
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Holographic model with pinned CDW

We consider a holographic model which develops spontaneous
CDW order

S= /d4x\/—_g (R —2A — %(81/))2 — @# - W(q/;)) —% /19(1/))F/\F.

With potentials S

Black hole
T(d)) ~1 LR ’ Electric flux
W) = —p? + ...,
C
W) ~ ﬁqp +...

And explicit ionic lattice

n= ,uo(l + A COS(pX)) AdS boundary
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Holographic model with pinned CDW

The spontaneous structure arises as an instability of horizon
dA, ~ sin(kx), 01 ~ cos(kx)
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Holographic model with pinned CDW

The spontaneous structure arises as an instability of horizon

Locked state

Pure stripe

T.Andrade, A.K. et al, 1710.05791, Nat.phys.,14.10(2018):1049
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Holographic model with pinned CDW

The order parameter grows as the temperature is lowered

dA, ~ sin(kx), 01 ~ cos(kx)
p ~ p© + p® sin(2kx)
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Transport properties
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Thermo-electric transport

Again, the matrix of thermo-electric conductivities can be
computed by turning on perturbative sources d Ay (w) and dgu(w)

(0)= (o 70) (L5r)

QX — Txt _ MOJX
o= (<), Ta = (JQ), TR = (Q*QX)

62Sads
TXt TXt —
< > 08tx08tx
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Electric DC conductivity

The transport is greatly affected by the emergence of order
parameter
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The conductivity drops, but it is not gapped (~ e_%)like it should
be in a pinned CDW. Our aim is to characterize this remaining
transport at T < T,

T.Andrade, A.K. et al, 1710.05791, Nat.phys.,14.10(2018):1049
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AC conductivities

The AC conductivities display the expected peaks, therefore EFT
is applicable
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EFT parameters

The EFT parameters display model dependent power-laws in T
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DC conductivities

The DC conductivities have the similar unconventional features as
in cuprates

ag
0.5

aly

0.4

0.3

—e— ¢41=30
0.2 - =40

0.1 ~o- c4=50

0.02 004 006 0.08 0.10 y

— )2 T — L+
(=) _a:_aq+§(p )G +7)
1+ &M Xrn Ho 1+ &M Xrn

A. Krikun: Thermo-electric transport properties in holographic models with pinned charge density waves




Contributions
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The role of impurities

The DC transport is not controlled by the scale of pinning
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Seebeck coefficient

Seebeck coefficient in this particular model diverges. It's behavior
is controlled by the IR scaling exponents

a
a S=—
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c.f. the talk by Antoine Georges

A A P
A. Krikun: Thermo-electric transport properties in holographic models with pinned charge density waves



Conclusion

> Effective theory of transport in pinned CDW includes several
parameters, which are usually set to zero in conventional
treatments

» Holography provides an example of the system, where these
parameters play a role

P> The expanded phenomenology displays gapless insulators and
change of sign in thermo-power, due to a balance between
contributions

» The EFT framework is useful for the analysis of experimental
data
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