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Abstract: In underdoped cuprate superconductors, a rich competition occurs between superconductivity and charge density wave order
Under debate, however, is whether rotational symmetry breaking (nematicity) also plays a central role -- whether it occurs intrinsicall
generically or merely as a consequence of other orders. Here we employ resonant x-ray scattering in stripe-ordered (La,X)2CuO4 to pr
relationship between electronic nematicity of the Cu 3d orbitals, structural orthorhombicity of the (La,X)204 layers and CDW order. We
distinct temperature dependences of the structural orthorhombicity and the electronic nematicity, with the electronic nematicity, but no strt
orthorhombicity enhancement below the onset of CDW order. These results indicate electronic nematicity is an order parameter that is distin
a purely structural order parameter in underdoped cuprates.

Pirsa: 15070069 Page 1/68



Pirsa: 15070069

“’fil;'I {00 I ;
b

Conadan Comtr canaten

Lget ger

—

B |

¥
3

Andrew Achkar
Xiaopan Mao
Christopher McMahon
Isaiah Djianto

Lauren Hayward
Roger Melko

Zhihao Hao

Michel Gingras
University of Waterloo

NSERC
CRSNG

Feizhou He
Ronny Sutarto

' ~
Canacdian LIpr L Source

Giacomo Ghiringhelli
Matteo Minola
Claudio Mazzoli
Lucio Braicovich

Politecnico di Milano
Ruixing Liang

Doug Bonn

Walter Hardy
George Sawatzky
Riccardo Comin
Andrea Damascelli

uarcity of
rJ"||.-._."3|‘-'r i

British Columbia

Subir Sachdev
Harvard University

[Miathieu Le Tacon

Alex Frano

Santiago Blance-Canosa
Bernhard Keimer
Viax-Planck Institute for Solid

State Research

Marco Moretti Sala
European Synchratror

Radiation Facility

Young-June Kim
Harry Zhang

University of Toronto

-

Markus Hucker
Genda Gu

Brookhaven Nationd Lab

Jochen Geck
Martin Zweibler
IFW Dresden

Page 2/68



Waterloo
e
"

Pirsa: 15070069 Page 3/68



Waterloo
LA
f’;\.

Pirsa: 15070069 Page 4/68



\A':ut;-l loa

Tx

La, ,Sr.CuO,

; G —C
r =o—F"|
\

Low energy
physics is
dominated by the
Cu0Q; planes

Pirsa: 15070069 Page 5/68



Waterloo
T

La, ,Sr.CuO,
S —L— 9
¥y & 0C—e|

Al
isulater |

Low energy
physics is
dominated by the
CUO; planes

Pirsa: 15070069 Page 6/68



Pirsa: 15070069

Waterloo
0

- e
. C Iprate

La, ,Sr,CuO,

— —<
Tz §=-0—e ]

Al

imulater | /

Low energy
physics is
dominated by the
CuO, planes
b

L.

Page 7/68



Waterloo
Tt

>

Unidirectional Spin and charge order
{stripes) first observed in the cuprates by
: v neutron scattering

1%00 | . o (Tranquada et al., Nature 1995}

1400 !

1300

|
1200 i
!

100 BRI ot
0.3%

- - ——r—r——
p——— T

8

1]
5

Spin
density

T#iAnty qovudle gor 2 ree
B ana s o o o S —

wave
(SOW)
peak

Pirsa: 15070069 Page 8/68



Pirsa: 15070069

Witerloo
e
<

La.  Ba, Cul),

-—
‘s
-
=t
=

—
=1
]
-
=
=
-
4

o

bulk SC

u,l'f.:-u 012s

lole doping (X)
M. Hiicker i
PHYSICAL REVIEW B 83. 104506 (2011

L < " ,' i Vet l.’!
Some characteristic features of “stripes

in La-based cuprates

Unidirectional spin order (SO} and charge order
(COJ

CDW with period "4 lattice constants (4a)

Associated with a suppression of
nductivity at x = 1/8

Stabilized by

Page 9/68



Pirsa: 15070069

Waterloo

-
-
o
ot
=
=3

=
~
3
s
-
=
=
"
e

LR
T

La.  Ba Cul),
LTO

W

o T
-

3

bulk SC 8

LTLO

!I_I.(iil 0125
wle doping (x)

M. Hiicker ke

PHYSICAL REVIEW B 83. 104506 (2011)

.
..

2 [ E Wy o
Some characteristic features of “stripes

in La-based cuprates

Unidirectional spin order (SO) and charge order
(COj}

CDW with period ~4 lattice constants (4ar)

Assaciated with a suppression of
superconductivity at x = 1/8

Stabilized by

Page 10/68



Waterloo
LA
e
L] . . " 3 L
Charge order is generic to tl

Scanning tunneling microscopy
Ca gsNag 1;Cu0,Cl;

Observations of
densily wave order
by STIV]

Davis group
Kapitulnik group

Yazdani group
Hoffmann group

Hudson group

differential tunneling conductance

Hanaguri Nature 2004

Page 11/68

Pirsa: 15070069



Waterloo
T

%

YBa,Cu,0
236+ Ex: Ortho lll ordered YBa,Cu,0, ,;

Bilayerc . : :
JRESSPIAR , full chains empty chain

@) AN

Orthorhombic structure (a
a & @&

’.‘!I‘.'('l

chamm
&

Doped by O atoms
intercalated into “chain”
layer far from the CuQ,

planes B (e -
plancs gpenE=Nes

Low levels of disorder
ap B -

High T, ., = 94.2K - & o=
: co

Oxygen orders in the chain
layer

Pirsa: 15070069
Page 12/68



Waterloo
T
<

YBaZCU?;OG‘x Ex: Ortho lil ordered YBa,Cu,0, ,

Bilayer cuprate X full chains empty cham

@ 2N ==

Orthorhombic structure (a
A chain
= a @ m 0

e |
Doped by O atoms Ll_\_'LI ap (
intercalated into “chain”
layer far from the CuQ, (ll() W\( .
lanes G
1 pldnum
isorder
Low levels of disorde | -

-i‘i €@ ez
| ()
: C @i
Oxygen orders in the chain l__U
R Cull Cule

High T per = 94.2K

Pirsa: 15070069 Page 13/68



Waterloo
1ensIty wdve orderin YBa.Cu.O

Electron pocket from guantum
oscillations in low doped YBCO

Supercondacior

(ct.71)

p=025
Fermi ~ Plate et al.
surface R
(ARPES)

(0.0) Overdoped

al
Underdoped ()

Hole like Fermi surface measu
~ resolved photoemission

red in cuprates by angle
Doiron-Leyraud et al. Nature 2007

Pirsa: 15070069
Page 14/68



Waterloo
e

»

~

11 - i . i

Indirect evidence of density wave order in Yl
gensity wave order in YBa,Cu,0O

Electron pocket from guantum
oscillations in low doped YBCO

Superconducior

Fermi
surface
(ARPES}
Underdoped (0.9) overdoped (.0)
red in cuprates by angle
Doiron-Leyraud et al. Nature 2007

~ Hole like Fermi surface measu
~ resolved photoemission

e =

Pirsa: 15070069
Page 15/68



Wiiterloo
e

i

= s

cviaence ot o it 4

L VINAC i (1 1 € \J VAN e L oy .
i gensity wave order in YBa,Cu.O

High field NMR in YBCO interpreted as evidence for charpe order

splitting of in plane Cu® peaks associated
with charge density variation

weak charge order (9p =0.03)
Tao Wu et al., Nature 2011

3
Only observed in high magnetic field (28.5T)

Pirsa: 15070069
Page 16/68



Wiaterloo
T
"

Long-Range Incommensurate Charge
Fluctuations in (Y,Nd)Ba,Cu;0;,

4 ’-"-"‘-_'u 0 1 e Teren” B Ninole * § Blamn L € Makw
N, B, Broshes,” G M. Oe tuea,' &, Frans,”” 0. G Mamtroen," B He,” 1. Loew
N Maretts Sala® D € Poety’ W Sallorrn’ T Sabieele’ B Sutertn, "G A& Tawelrhy N

[ Woutae' B Keimer ' | Braivavnh’

—e—q along a’
’ —-o—q along b’
Using resonant x-ray scattering,
Ghiringhelli et al. detected COW
order in underdoped YBCO

0.30L]and [00.3L]in detwinned, orthorhombic samples

« CDW peaks at |
sed cuprates)

urability of 0.3 (instead of 0.25 as in La-ba

« [ncommens

Ghiringhelli et al. Science (2012).

Pirsa: 15070069 P 17/6
age 8



Waterloo
tr
)

Long-Range Incommensurate Charge

Fluctuatwns in (Y NdlBaZCu_,,OM
G Ghainghe -' 1 Lo Totmn,® W M g Comtns * € Marmdl* YBaZCUBOGG

ltl':loblt Y& N Oc tut A Frans.” " D, G, Hawtngen " B, He, L Leew,
N Moy ‘D C P"\ W Salleern® T Sikieels VB Saterte’ ' G A Sametiny,
7L

L T ﬂ Keimwi = | Bral wh'
A , —-e—q alonga’
'."\ -o—q dongb’ |

Using resonant x-ray scattering,
Ghiringhelli et al. detected COW
order in underdoped YBCO

- ‘:Q:/- ‘ '_"4
g \; : / -7')
..,‘.f. e A

Elastic/ Tota

i

q. (rlu.)

« CDW peaks at [0.30L]and [00.3L]in detwinned, orthorhombic samples
-based cuprates)

« Incommensurability of 0.3 (instead of 0.25 as in La-b

Ghiringhelli et al. Science (2012).

Pirsa: 15070069 . /
age 18/68



Waterloo
L5
N

aimiy, oA e e Y e
CODW order in YBCO

Long-Rapge Incommensurate Charge
Fluctuations in (Y,Nd)Ba,Cu,0;, .

€ Nanw

YBa,Cu;0;¢

G Glwinghelli, ' 1A Le Tocon,” M Minole * § Blan
K. B, Brookes,” . M. Oe tuca,' & Frans,” " D, G Mawthorn," B My, L Leew

N Maetts Sala* O € Peety” M Sallorrs " T Sakiedde’ B Suterts, "C A Tamelihy*
I Woshie* B Keimer > | Braivoveh®

—-e—( along a*
—) | .
Using resonant x-ray scattering, q,alongd
Ghiringhelli et al. detected COW
order in underdoped YBCO

Elastic/ Tota

¢ samples

0.30L]and [00.3L]in detwinned, orthorhombi

« CDW peaks at

« Incommensurability of 0.3 (instead of 0.25 as in La-based cuprates)

Ghiringhelli et al. Science (2012).

Pirsa: 15070069
Page 19/68



Pirsa: 15070069

Wiiterloo
5
L)

Aisusyu| pazijewop

il e G i e B
L

25 50 75 100 125 150
Temperature (K)

t T, the

er onsets at “150 K and peaks in intensity a
on temperature

CDW ord
superconducting transiti

Ghiringhelli et al. Science (2012).

Page 20/68



'Wlll rloo
e

Aisusiu| pazijetuion

25 50 75 100 125 150

Temperature (K)
t 7, the

er onsets at ~150 K and peaks in intensity a
n temperature

CDW ord

superconducting transitio
Ghiringhelli et al. Science (2012).

Pirsa: 15070069
Page 21/68



Pirsa: 15070069

Waterloo
LA

>

- I". S - & . d
Indirect evidence of density

| Supercenductor

()

0 p=025
. Plate et al.
Fermi b
surface \
(ARPES)

(0.9) gyerdoped

in cuprates by angle

(.0)
Underdoped

Hole Jike Fermi surface measured

i pmmlsslon
§==-

. A Al A R A
wave order in YBa,Cu.0O

Electron pocket from quantum
oscillations in low doped YBCO

Doiron-Leyraud et al. Nature 2007

Page 22/68



W':ll;'! loo

T
t "I\ A/ il .
CDW order i

I

Hard x-ray scattering
J. Chang et al., Nature Physics (2012)

Ortho VIl ordered YBCO

< f COW arddare
Campetition between SC and CUVY oraers:

A g el .:l_‘{i'_: l;', e 'Jl._.-:x'-[ \J LI'_'
Wi fl

faid ',J‘JI.J '-..JI_..r..lla:‘_J CGUCIIVIRY o :'.l
NN 5 - - y L4 I

rave order

. L LITAL)
enhances charpe censity w

Pirsa: 15070069 Page 23/68



Waterloo
u
oy

» COW order in the CuG, planes

»  CDW order present in high purity,

YBa,Cu,0, ., (p=0.133, T, =75.2K)

',‘r'r'l,'_‘ll-ull..'c'-:'.l sdimpies
nsight into microscopic characler ol

full chams empty cham

(a) /\ / COW order
&G a& o T

hain o o
chan - ® = £ 6
lil}rL‘l. - = ( : ([T‘\\

~4J

- +035.0ceV I‘l.l'”ll
CuO, ﬁ\("“: : [0.330 L35
plimcsma\\' SRE
&5 - [0.30 0 1.35]
ap & :
i i
. @ o=
<
0

b e e e e Ty

ol b e s

50 100 150 200
T'(K)
Achkar et al. PRL 109, 167001 (2012)

0

Pirsa: 15070069 Page 24/68



Wiaterloo
Tt
L

Bi;5r,CaCu;0;. .., (Bi2212) Bi,Sr,, La,Cu0, ..., (Bi2201)

E
48 REXS - UD15K REXS - Doping comparison
REXS : ,

o~
=g

o

—~
=
e
P =
s
245
3
-
E

&~
F Y
ruls)

I
L=

-

Poeak area {arb. ¢

=

Peak aren

J

Nommatized Inte nsity

050 100 150 200 250 300
Temperature (K)

a0 932 934
0150200250300 430 632
“Te‘:eupmtun (K} by (oY)

Comin et al. Science (2014)
cience (2014)

da silva Neto etal. S
- .

Pirsa: 15070069 Page 25/68



Waterloo
LA

. AEVNAT o
DW order in elec

Charge ordering in the electron-doped
superconductor Nd,_,Ce,Cu0,

Dadaandes UL da Silva Noto" 1Y Blovande Comdin,” *° Fowlisn He,” B Swtaits
Nopene June® Riehard 1. Geeene, Groree A Sawatrin "7 Andrea Damaseel '

(7 ey e g

B

I

Intensity (au)

.
=
@l
o= (@]
- - o
-
Q
A
r—
—
-
o
4

150 225 300

Temperature (Ki

Pirsa: 15070069 Page 26/68



Pirsa: 15070069 Page 27/68



W. iterloo
LA

o W order ir

Charge ordering in the electron-doped
superconductor Nd,_.Ce,Cu0,

Babsarde UL, da Silva Nete," ! Wil Commian,” 0 vardoma L

Neping June’ Michard L. Greene,” Goorer A Sawatsin *

Intensity (au)

n
-

27.0} - \._d

electron doped

Normalized CO Intensity

®x =01
ox=014

!
x=0.14 |
26,9 Li—i—— 266 —-
= p4-03.02-01 0.

[H.0] (rlu}

da Silva Neto et al, Science (2015)

Pirsa: 15070069

- ser 00
=5 150 225 300

Temperature (K}

Page 28/68



Pirsa: 15070069

Page 29/68



Waterloo
it

w

oy — -

! \racte
il a Ll

Pirsa: 15070069 Page 30/68



Waterloo

b2
] A\ A . Mo de &
CDW onset temperature

YBazcusOG*x Lil[.:.;__‘.l‘:u"_zsr_‘,(:U(),,]
La JEu, :Sr.Cuo -

Thas sk «SXR»

Ihtamsw 4 arg 14 05AR (=

Musher IIEXRY ’ .l/‘-

Temperalure (K}

2z
-
2
5
-

(TR 1) Srconten

Fink PRB 2011

P tHeles Cul

Achkar et al. unpublished
Banco-Canosa PRB 14
Hucker PRE 14

Pirsa: 15070069
Page 31/68



Waterloo
Tt

CDW onset temperature peaked nearp=1/8

YBazcu?’OG‘x [,EII_H_".I':U"_ZSI'.‘-(:u().]
La,, Eu, Sr CuO,

Thus ek ¢SXR»
Itlamew L anwsg 14 OSAR C A
. It ——

Temperature (K)

Srcontent X
Fink PRB 2011

{8 L0)

["“U!'-" Cul

Achkar et al. unpublished
Banco-Canosa PRB 14

Hucker PRE 14

Pirsa: 15070069
Page 32/68



Pirsa: 15070069

Wiaterloo
e
%

CDW intensity peaked near p = 1/8, co-
incident with a suppression of T,

—
[
]
b
-~
-\
-
—
o
-
o
—
—
-
—
wil
—
=
-
-
—
e
-
=
-~
.

|

L= |

Peak at [OK L]

()ldLlLd
[)z\mm.u.d

L
<
©

TL line

/pfﬂﬂ‘__
<]

0.10

p (holes/Cu)

Achkar et al. unpublished

Page 33/68



Waterloo
LA

|

|

|
|
|
.
1
|
.

a=0.155

[
NIy Comits so0 )

Y ENTY

\

|

|

|

|
5t

|

?

|
e

N

l

L

Hucker PR 2013

Chang Nat. Phys. 2012

W order in YBCO and LBCO observed by

Similar enhancement of CD
lied magnetic field

suppressing SC with an app

Page 34/68

Pirsa: 15070069



Waterloo

Correlati
relation lenpth of CDW c_:rder is short and similar in magnitude
(~20 - 200 A} in different cuprates

La; .;;.-:ng,.;Sr.; ;g_CUO.:
|

(h!

Sl 1Y
>t ‘g
'-I-rl‘T.l.‘lk. 3

LA A4

-
7.
=
=
=
-
»
“
A
=
=
Y
=
=

(
6y 020X 0% 028

Hirlu.

17001 (2013) Achkar et al. PRL 113, 107002 (2014)

Achkar et al. PRL 110, 0
Correlation length = 50 A

Correlation length =73 A

Also, similar peak intensities (Thampy PRB 2013)

Pirsa: 15070069
Page 35/68



Waterloo

LA
"~ _
T A A '
Tetr B alds e e T e - . A
| ( al . > ol o o Vi
L U (i 1IrC1621 I {
. k ' A ' i W

YBa,Cu,0; ¢, Achkar et al. PRL 113, 107002 (2014}

Backpround subtracted

Q Ordered 1
O Disord. (- 1.92) ]

la::.in-:.!nr]nl:a.ll::is

-0.40 -0.30 -0.20
H(rlu.)
ordering the oxygen ortho order in the chain layer) in

Changing the degree of disorder (dis
YBCO:
» Reduction in peak intensity

» No effecton the incommens
> No effecton correlation length

urability

Pirsa: 15070069
Page 36/68



Pirsa: 15070069

Waterloo
T
VRO

v | ..‘.(:’_. b (_\.r e » o
(@CL OT aisorder In DUV

Achkar et al, PRL 113, 107002 (2014

iempe d n
Backl”.round subtracted [BLELE depe dence

S-lillllIII"“li'llll‘il‘lllllll[
© Ordered ]
O Disord. (= 1.92) ]

I'llii'llllliilil'lill
| ( )) 6.67 0-V

O = Ordered

W — Disord. # 1.92

B Rl l - l bk T 2R hd
50 100 150 200
Temperature (K)

Peak Amplitude (arb.)

llna.lnll:ln-1:!-.11]1.0.

-(.40 -0.30 -0.20
H(rlu.)
ordering the oxygen ortho order in the chain layer) in

Changing the degree of disorder (dis
YBCO:

» Reduction in peak intensity
» No effect onthe incommensurability
orrelation length

Page 37/68



Pirsa: 15070069

W: "-(‘I'I( X
T

b3

]

Monl_e Carlo calculations of non-linear sigma model
(multi-component order parameter}

-
-
-

ranged due to competition with superconductivity and/or

CDW order may be intrinsically short-
directional domains of COW order
Achkar et al. PRL (2014)

frustration between uni

jence (2014) Hayward et al. PRB (2014)

Page 38/68



Pirsa: 15070069

Waterloo
L5

Tilting of CuO; octahedra along
Cu-0 bond in the LTT phase
breaks C, symmetry and is
understood to produce stripe-
like CDW/SDW order

Tilt direction alternates
between planes

Tranquada 1995
Tranquada 1996

Page 39/68



Pirsa: 15070069

Waterloo
L5
«

Tilting of CuO; octahedra along
Cu-0 bond in the LTT phase
breaks C, symmetry and is
understood to produce stripe-
like CDW/SDW order

Tilt direction alternates
between planes

Tranquada 1995
Tranquada 1996

Page 40/68



Pirsa: 15070069

Waterloo

X

Blackburn PRL 2013
Blanco-Cancsa PRL 2013

Blanco:Canosa PRB 2014

Achkar unpublished

Also: Comin Science 2015

Achkar arXiv 2014

Intonsdy oD, unis!

YBCO is orthorhombic

M@Q??@ 9 :
OOW! + foege@d ChN
W'\@V ® 0 layer
Cu0,
Bi-directional planes

~ COW

Unidirectional COW
(K peak butno H peak)

Blanco-Canosad PRB 2014

Page 41/68



Pirsa: 15070069

Waterloo

Blackburn PRL 2013
Blanco-Cancsa PRL 2013
Blanco-Canosa PRE 2014
Achkar unpublished

Also: Comin Science 2015
Achkar arXiv 2014

Intensdy Lad, unls}

YBCO is orthorhombic

#9%095 © 9
oo0W: ¢+ 09!
WO OV 0 ¢

Bi-directional
- cOW

..
.
e gl

Unidirectional COW
(K peak but no H peak)

Page 42/68



Pirsa: 15070069

Waterloo
3
.

Blackburn PRL 2013
Blanco-Cancsa PRL 2013
Blanco-Canosa PRE 2014
Achkar unpublished

Also: Comin Science 2015
Achkar arXiv 2014

Intensdy (ard. unis)

o '-.
CEP NP .

e ;
LN il

YBCO is orthorhombic

@9?00?30 o9

BOW ¢ + o 9e9?
m@@rwv ® 0

Bi-directional
. COW

. *
ey e St
.

Unidirectional COW
(K peak but no H peak)

s 0Ad

Blanco-Canosa PRB 2014

Page 43/68



Pirsa: 15070069

W':ir;_-l oo
Ty

Blackburn PRL 2013
Blanco-Cancsa PRL 2013
Blanco-Cancsa PRB 2014
Achkar unpublished

Also: Comin Science 2015
Achkar arXiv 2014

YBCO is orthorhombic

P00 850 @ O
S0P, + looe@s N
layer

e 0V 0 O
%‘; L et
: ‘_‘?g-jzf@-« Cu0,

-directiona $45%e. planes
Bi-directional %ﬁ%%@o 0
00 —'00

g CDI“"’ L] G. o
DNt 0K,
al o @
oR O +"¢g 7
G ° ©
® Q

Unidirectional COW
(K peak but no H peak)

s 040

Page 44/68



Pirsa: 15070069

Waterloo
e
5

YBa£CUjOD.J£2 {ajt 0.06, T\ ~12K No oxygen order in the chain fa-,'e-r

-
L
~
=
=
2
=
-
L4
&
-J
=
-
L
=
>
=
=
o

™
[
N

et luns
>

o fh Wl
/ ' AN

y

12

- E -
=

o

TTﬂ'TTYTT]‘rWyTrl-} o

>
g

7
= = X
BAAMAARR AL~

1T omitensaty el gmistsy

L -.,
'_]' T ﬁf‘f"r_r' ‘I_l'_f““"l By

Neateriy
\;_

<

&

o
EIIIIIIIIIIIllllllllllll‘l

Lol BLL \J
5

”

T [ i
e .

“re

Tl

Kilel

No measureable peak intensity along H

.static AF order at this doping (although not

i ! with quasi _
B ottt Al o::iirn t:) ng order, like the stripes in La-based cuprates).

SDW order that has a 2Q rel
Achkar et al. unpublished

Page 45/68



V\":if;‘l oo
L3

i

Mﬁ!ﬁ 3/{/

YBCOCDW fiu

& s work ISXR)

c Blanco-Canosa 14 (SXK)
¢ Blackburn L3 tHAR)

[ YBCOCDW A L)
v [luswork (SXR)
o Blanco-tanosa 14 ISR

4 Huckes
Blackburn L3 LHN

—
—
—

|

—
.®
—
—
'

—
=
e
<
>
[
>
=
-
Q
o

010

ptholexCul

Achkar et. al unpublished

Pirsa: 15070069 Page 46/68



Waterloo
o l.lf,“,'alifli All

- el EIYAl -
(Period of CDW o

N——(F -
v J-CL:?L’_Q {qﬁa‘q}*&

(S

YBCOCDW edtu i
Llus wosk ISAR)
c Blanco-Canosa (4 ISXR)

o Blackbum L3 tHXR)

&

[ YBCOCDW A L)

¥ [lus work F\.\I-!'- :

o Blanco-Canosa [4 ISXR)

< Hucker 15 1HAR)
Blackburm L3 tHXR)

—
—
=

.
—
o
——
—
L

—
<
v
&
-
o
>
=
=
-
3
Q
U

LY a0

I
[IKEY) :
ptholesCul

Achkar et. al unpublished

Pirsa: 15070069 Page 47/68



Wiaterloo
e

>

244 g1e )IMmenst

STM Bi2212 Kohsaka Nature 2008
Fujita JPS) 2011

Pirsa: 15070069 Page 48/68



\'\":ll;_'l 00
'

-""-.

Kohsaka Nature 2008

STM Bi2212
Fujita JPS) 2011

Q. CONNECLS ends of Fermi-
surface arcs (Hot-spots)

Ghiringhelli 2012

sachdev PRL 2013

Efetov Nature Physics 2013
Dalla Torre arXiv 2014
Kohsaka Nature 2008
Fujitya JPSI 2011

Comin 2014

Pirsa: 15070069
Page 49/68



Waterloo
Tt

>

— 0 (om A K
from A LK,
%), Hubbard model

i Max

ST -0 0
@ 5122017 - This worx

.L = PnB 7207 - Rel. 7

0.1
Hole doping

.05

RSXS, STM, ARPES: Comin et al. Science (2014)

Pirsa: 15070069 Page 50/68



Waterloo
T
%

INComimens

Doping dependence of incommensurability is different in
La-based cuprates (Yamada plot)

Yamada 1598
Hucker 2011

YRCOCDW I

A s work ISXR

o Blanco-Cenosa [= (SNRI
o Blackbum L3 tHAR)

LBCOICDW)

i oo 14 INSI
| YRCOCDW i A L Huckes (402
w [lhus work (SXR
o Blanwe-Cu

S
c
-
]
>~
-
o
>
1
=
<
2
Q
J

O |I AL

0,20

010

Fihk}ll.‘! Cul Achkaf et. a! unpublished

Pirsa: 15070069 P /68
age 51



Waterloo
T

o,
'y
L |

La-based cuprates BSCCO, YBCO

: Al . Chir n = Na ctatie SDW
Static SDW order with twice Spin pap — No static SDW

the pericd of the charge order order related to COW order

Pirsa: 15070069

Page 52/68



V\"..ll;_‘z oo
Tt

O

topher McMahan, F. He, M. Zwiebler, X. Mao, R. Sutarto, M. Hucker, G. D,

A. J. Achkar Chris
nn, W. N, Hardy, J. Geck, and D. G. Hawtharn. arXiv:1409.6787

Gu, Ruixing Liang, D. A.Bo
\W.N. Hardy,

_ E.daSilvaNeto, L.Chauviere, A.Frano, R. Liang,
1. E. Hoffman, AJ.Achkar, D.G.Hawthorn, B.Keimer,

li. Nature Materials 2015

R.Comin, R.Sutarto, F.He
D.A.Bonn, Y.Yoshida, H. Eisaki,
G.A.Sawatzky and A.Damascel

Pirsa: 15070069
Page 53/68



Waterloo
ty

Y

CuO, plane

Q
oge @9 oo
&

@

9
oo @9 oo

o &
ﬂ Er

Pirsa: 15070069 Page 54/68



Pirsa: 15070069

Waterloo
3
«

O,
Cu sublattice
Q L) oia

e o8 o

O sublattice

s symmetry COW

o o e

s’ symmetry COW
€2

[ o
L <
(== <

525]
o

——

Page 55/68



Pirsa: 15070069

Witerloo
X
.

O,
Cu sublattice

T AR
o o8 o

,

symmetry of (

O Cu

s symmetry COW

"’ eﬁe uﬁa Be o

ol r:gﬁ ee

w

e
ﬁ‘d

s’ symmetry COW

~r\Al i riay (A
JVVY grael

- L

Sachdey and La Placa, PRL 2013

Cfetov, Meier and Pepin, Nat, Phys. 2013
Metlitski and Sachdey, PRB 2010

Vojta and Rosch PRL 2008

Atkinson, Kampf and Bulut NIP 2015
Wang and Chubukoy PRE 2014

Keo, Chen and Hu PRB 2007

Li. Wu and Lee PRB 2006

Chowdhury and Sachdev arXiv 2014
Thomson and Sachdev arXiv 2014

d symmetry COW
¢ co
® © I

Page 56/68



Waterloo
e
ﬂ\' 5,,”‘_,_“ o ) PR — o as o " Calras o e
a symmetry charge ordaer rrom STM

-

symmeltry calculation

1
1 ¢
-l’ﬁ’
0
(]

E
- or o0 v
i 3
3

‘I
il

HH

3.

Real space

t1d
'.‘"ﬂ'l&
WL )0 o)
131

3
3

i3

|'-fT

e ol
§
:

-
|

]

]

i

Cu 0 Cu

0,+0, sublattices

Fourier
Transforms

(Q space)

s symmetry

Fujita et al. PNAS 2014

d symmetry

Pirsa: 15070069 Page 57/68



Witerloo
=
) J
d symmetry charge order fr
y charge order from resonant x-ray scattering
<tdici dYy SCAUlering

Repo - i
port of d-symmetry COW in YBCO from azimuthal angle dependent
resonant x-ray scattering

Cu L edge resonant x-ray scattering

18-

a

3
o
w
7
e
v
-~
[+ 4
-
<
-,
s
-
Z

Hardy, D.A.Bann, Y.Yoshida, H.

Liang, W.N.
celli. Nature Materials

Chauviere, AFrano, R.
atzky and A.Damas

F.He, E.daSilvaheto, L
orn, B.Keimer, G.A.Saw,

R.Comin, R.5utarto,
A Achkar, D.G.Hawth

Eisaki, J. E. Hoffman,
2015

Pirsa: 15070069
Page 58/68



Pirsa: 15070069

Witerloo
T
b

-
e
-
4
-
=
=
=
5
-
=
{—
=
il
e

s - -~ - £ T I Y oY . PRl R - o - o 4 -
symmetry of density wave order in La-based cuprates

La-  Ba, Cu),

Q

bulk SC

LTT
LTLO

- ot
0125 0150

liole doping 1X)

Al Hacher MIVSICAL REVIA BAL [esihe

Is COW different in La-based
cuprates?

Unidirectional spin (SO} and charge
(CO)

More dramatic suppression of
cunerconductivity atx=1/8

Different doping dependence (o
CDW incommensurability

Orbital symmetry of COW order?

Page 59/68



Wiaterloo
Tt
Ch
Resonant X-ray Scattering

Tune photon energy to an x-ray resonance

On resonance, the atomic scattering form factor, /, is sensitive to
orbital symmetry

|
[ f(.:_)‘l X Z/!, i25Q 1
| J

!-.; ((‘_j w.f) X

Incident photon

ization
Scattered photon polariza polarization

fis
F=
[

Pirsa: 15070069 Page 60/68



Waterloo
LA
-

U VY Symimecdry

Holes in O 2p, or 2p, states form two distinct sublattices relative
to the CDW direction (Q).

Components of a tensoral e

Pirsa: 15070069 Page 61/68



Waterloo
b

L] .
Experimental scheme

Rotate the sample geometry and photon polarization
relative to the @, b and ¢ axes

Side view : (100);

—_-l,:‘”[(]_],.

Comin 2014

REIXS beamline at the Canadian Light Source Hawthorn etal Achkar 2014
' 2011

l ' Rey, Sci. Instrum.

Pirsa: 15070069 Page 62/68



Waterloo
T

BSCCO, NCCOC, (YBCO?)

d symmetry COW

o ¢ (%6}
o [ [ o L]
(&3 3 L <

® ®» o

e o © & & a

Q [~ L] D

W ®w o

s’ symmetry COW+SDW
‘e8| te0t (o0t

w <« <
‘oo 4ee)
S o 9 =
teet oot

3
L

el L L K

A e, —

g —)\=2m/0—

d-symmetry COW order is unfavorable for static spin
density wave order

Pirsa: 15070069
Page 63/68



Waterloo
L

"<
ind COW symmetry

Theoretical support for a relation between static SOW order and COW symmetry

Thomson and Sachdev arXiv:1410.343

« “_ the presence of antiferromagnetic order decreases the magnitude of the c-
form factor; this trend is consistent with recent observation of a dominant s’
form factor in the hole-doped cuprate with magnetic arder, La, ;,;B3, ,,,Cu0,."

Fischer, Wu, Paramekanti, Lawler, Kim New Journal Physics 2014

« A model with spin and charge stripes exhibits d/s” 0.1

Pirsa: 15070069
Page 64/68



Pirsa: 15070069 Page 65/68



Pirsa: 15070069 Page 66/68



Pirsa: 15070069 Page 67/68



Pirsa: 15070069 Page 68/68



