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Abstract: <p>Recent experiments show that charge-density wave correlations are prevalent in underdoped cuprate superconductors. The correlations
are short-ranged at weak magnetic fields but their intensity and spatial extent increase rapidly at low temperatures beyond a crossover field. Here we
consider the possibility of long-range charge-density wave order in a model of alayered system where such order competes with superconductivity.
We show that in the clean limit, low-temperature long-range order is stabilized by arbitrarily weak magnetic fields. This apparent discrepancy with
the experiments is resolved by the presence of disorder. Like the field, disorder nucleates halos of charge-density wave, but unlike the former it also
disrupts inter-halo coherence, leading to a correlation length that is aways finite. Our results are compatible with various experimental trends,
including the onset of longer range correlations induced by inter-layer coupling above a characteristic field scale.</p>
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HgBa,CuO,,, YBa,CuyOs.; La,,SrCuO, TI,Ba,CuOs.;
(Hg1201) (YBCO) (LSCO) (T12201)

Barisic et al. (PNAS 2013)
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Hard x-ray diffraction: ortho-VIll YBCOes.s
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A similar signal is observed in other cuprates

Bi2201 LSCO

REXS - Doping comparison
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... Evidenceforlocal CDW order . . . ... |

STM imaging of BSCCO
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Torque magnetometry
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Torque magnetometry
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Nernst effect
Wang et al. (PRB 2006)
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Nernst effect
Wang et al. (PRB 2006)
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Nernst effect
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Enhanced c-axis coherent
transport in YBCO by 20THz
irradiation
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Enhanced c-axis coherent
transport in YBCO by 20THz
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In 1D SC and CDW fluctuations coexist and are both
enhanced by the opening of a spin gap
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In 1D SC and CDW fluctuations coexist and are both
enhanced by the opening of a spin gap
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... .Themodel .|

Following Hayward et al. (Science 2014) we study a nonlinear
sigma model of a six-component order parameter
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... .Themodel .|

Hayward et al. (Science 2014) studied the model for a 2D clean system at
zero magnetic field, and showed that it reproduces a
peak in the CDW structure factor
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... .Themodel .|

Hayward et al. (Science 2014) studied the model for a 2D clean system at
zero magnetic field, and showed that it reproduces a
peak in the CDW structure factor

3.04 e o YRCO

qga* 0.2

0.25
0.3

0.35
0.4 |7

_I_::;_I.II

S(p_\. = ﬁf d?rd?r (P (MP, (7)) 20}

Q;}E: 1.t
corresponding to the x-ray .
diffraction peak intensity
“:“ ) ‘L 64, Tm'-’ n_tr, A ll[. : “l'g,n
We would like to study the effects of: (k)

magnetic fields, disorder and interlayer couplings
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See also: Nie et al. (PRB 2015)
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2T Y. Caplan, GW, and

Large N analysis: B=0: Sp, = D. Orgad (PRB 2015)
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... Resultsforthe 2D cleansystem .|

2T Y. Caplan, GW, and
D. Orgad (PRB 2015)
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2T Y. Caplan, GW, and

Large N analysis: B=0: S, = D. Orgad (PRB 2015)
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Large N + replica
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Increasing the disorder strength has similar effect to increasing B
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Sound velocity anomaly
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Quantum resistance oscillations at high magnetic fields
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Quantum resistance oscillations at high magnetic fields
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Consider the multi-layer model:
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Within an inter-layer mean-field approximation the condition for onset

of long-range CDW order at Tcow is:
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— Ay = O

* For B = O ordering takes place only above a critical .J |

* When B > O the system orders for arbitrarily weak J |




_fu'

Se

—_— /0, = 0
——D0R /B y,=0
—_— i 1}, = 0

T

o
W

Iepw/p.

4

o
N

Pirsa: 15120025

— Ay = O

* For B = O ordering takes place only above a critical .J |

* When B > O the system orders for arbitrarily weak J |

At odds with experiments




Imry-Ma (1975): No long-range order exists when a continuous
order parameter is coupled to a random field ind < 4
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Pirsa: 15120025

0.1

0.15

N
1
Longer-range 3D L
L ('D\\. Or'¢ l(‘l‘ "'
'
[ ]

S et

Short-range 21D CDW order

0 005 01 015 02 025 03 035 04
T/p

Page 39/46



2000

1500

]

—

2 1000
L=
o

500

20

e

Pirsa: 15120025

0 0.02 0.04 0.06 0.08 0.1
B/By

0 0.02 0.04 0.06 0.08 0.1
B/ B,

Peak height (cts)

Correlation length &, (A) ©

30

20 i~

10

-
@
o

-
b
o

100

[}
o

Gerber et al. (arXiv:1506.07910)

— <> (0, 2-g, ~%2) Q
O (0, 2-qg, ~1)
45 (0, 2+q, 1) x 2.36
""O
i e
- O~ Onnnn
e --O- 9- 8 1
0 1 20 30
HoH (T)
- - é-&_
1
0 1 30
HoH (T)

Page 40/46



T
9. 0.15 -
35 =B /B,=0 padt "
3t —.—:; ﬁ: . Yy = I« nul_';;-\r\-rnm_lr;v 3D "
( b 4 r o
. sl ol orde e wd |
[—
-~ 2 =
- 4
1.5 | -
o.os----+---+_.- |
1+
0.5+ Short-range 21D CDW order
Og X 02 - e 5.8 % 005 01 015 02 025 03 035 04
T/p. T/ps
Tepw o — 1 20 g2, [T e , e
, = XTepw) = 5 d=rd=r" |[(n,a(r)n,(x’)) — (n,(r)){n,(x"))
2/)..,..]_]_ L

Mean-Field Phase Diagram

Pirsa: 15120025

Page 41/46




SC W {:;
CDW, &, {:2

ns
cow, @, {°

Pirsa: 15120025



e W {:;
CDW, &, {23

ns
cDW, &, {ns

GW and Dror Orgad (PRB 2015)

14 Gaussian
12 Fluctuations

10

T/p

Pirsa: 15120025

T
Tarr

ToerT

< |

Superconducting
Phase Fluctuations

Superconductor

A

6

/

10

Page 43/46



n,
SC 7 {
n- 6
n
cow, @, {7 Hy = %f d2r 4 |(V + 2ieA)p|? + Z[A(Vna)z + gn2 — 2V.n,]
ns a=3
CDW,, &y 1,0 ) ,
Za=1 ng=1
GW and Dror Orgad (PRB 2015)
14 Gaussian Tﬁf’;
12 Fluctuations
10
P—
< 08
= Superconducting
(§ Phase Fluctuations
1
5 Suberconductor -~ Phase fluctuations may have
upercond uctorn
0! | _ _ 1 ) appreciable signatures at B = O:
0 2 1 6 8 10 Nernst, ARPES
A

Pirsa: 15120025

Page 44/46



——

* A non-linear sigma model of competing orders captures much of
the experimental phenomenology in the cuprates.
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ﬂﬂ_

* A non-linear sigma model of competing orders captures much of
the experimental phenomenology in the cuprates.

* Disorder plays an essential role in establishing the observed x-
ray signal in YBCO, and might be the reason behind the different
T-behavior in Hg1201.

* The apparent ordering transition at high fields is, most likely, a
dimensional crossover from short-range order within planes to
much longer-range inter-plane order.
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