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e CDW in cuprates outside the pseudogap: overdoped Bi2201
e CDW in cuprates outside the pseudogap: (Nd/Y)123
 e-phinteraction measured by RIXS
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Other contributions from ERIXS@ID32 in this conference
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Cu L5 RIXS
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High Tc Superconducting cuprates

Thanks to Claudio Mazzoli







Cuprates: Magnetism, Charge Order and Superconductivity

B Keimer et al. Nature 518, 179-186 (2015)

300
YBa,Cu,0¢,5 (YBCO) £1,Sr,CuOq,s(Bi2201) r

Strange metal

e O g
. Cu -~
0 @) s

. Ba 0 Cu 4%
© ©

[ B¢ 0 (2) o 3
© Bi £

=

© s

CuOz

Planes

: Th Spin
" Chains A’:":‘
Sl

J. Pelliciari and R. Comin Nature Materials 17, 661 (2018)




Spin-waves with Cu L; RIXS
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Bi,Sr,CuO, iy

NdBa,Cu,0 , s

CaCuO, I

Y. Y. Peng, G. Dellea, M. Minola, M. Conni, A. Amorese, D. Di Castro, G. M. De Luca, K. Kummer, M. Salluzzo, X. Sun, X. J. Zhou, G.
Balestrino, M. Le Tacon, B. Keimer, L. Braicovich, N. B. Brookes and G. Ghiringhelli, Nature Physics 13 1201 (2017) _




Paramagnons in Bi2201
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The superconducting gap
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The SC gap In RIXS
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First observation of CDW in YBCO with R(1)XS
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Other evidences of CDW in YBCO

NMR, Charge modulation L = 0.5: Doubling of unit cell along c-axis Bi-axial, Static order

at low T, high field Field enhancement of the CDW (HXRD) under high field.
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Ubiquitous CDW iIn cuprates
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Overdoped (Bi,Pb), ;,5r; ggCuO, s

Unexpected observation of a very intense and sharp peak in pseudo-tetragonal (1,0) direction
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Re-entrant CDW in OD Bi2201
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CDW In OD Bi12201: the role of electronic structure
ARPES on OD11K (T =11 K, p~0.215), at T=20K: no Fermi

surface nesting or folding™

* As usual, for CDW in cuprates
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CDW T-dependence in R123

Taking a better look at CDW, at
“high” T, in (Y,Nd)BCO
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What is the real T.p?

Elastic intensity (arb. units)
X
o
o

L T T T

T

—e— T =60 K

--A--T=130K
--v--T=170K
-—-T=230K
-4-- T=250K

Underdoped

1

1

NBCO UD60
H scan

0.25
q, (r.l.u.)

0.35

Elastic intensity (arb. units)

1400

1300 |

oy = =
o = )
o o o
o o o

700 &

900 |

800 |

S 110 &
! §g | r::ls E
I = =
T '1%2 &
T T T I ]
e T-90K o NBCO OP90K ]
L e T=110K m = H scan ]
T=150K / . I
] T=170K I ]
-4--T=210K / A ]
-4 T =250 K \ ]
<-4 ]
/ ’«,’13-0"!* \\_ 1
L q/«" d* \. ]
AR R
S ST s ]
. <"‘~¢’0 R

Optimally doped "

1

1

0.25
q, (r.l.u.)

0.35




Not just one

CDW peak
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Narrow Peak (NP) and Broad Peak (BP)
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Energy resolved measurements: charge density fluctuations
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RIXS intensity/dd area
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CDF and Marginal Fermi Liquid picture
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Scattering from CDF can lead to linear p(T)

Scattering rate: I' = Im %(¢, T, w = 0) Resistivity of OP and OD samples is
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Electron phonon coupling (EPC) In cuprates

EPC: cooperative effect of phonons in SC pairing in cuprates
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CDW couple with some
optical modes
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Measu ring EPC with RIXS Large parameter space: electron k, phonon (®,q)

INS: linewidth related to EPC

ARPES: kinks related to EPS k is unknown
k and ® can be obtained ® and g are measured
g is unknown rA
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RIXS: ph peak intensity prop. to EPC
k is partly unknown
® and q are measured

Theoretical phonon intensity in RIXS
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Measuring EPC with RIXS: mechanism

Theory by Ament, van den Brink

Phonon peak intensity grows with:
- EPC, i.e., M or g = (M/®,)?

- Intermediate state lifetime
2ph, 3ph peaks

Harmonic oscillator analogy

® -0 Application to 1D

RIXS phonon losses, I'/wy=5 system (O K edge)
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Classical model of EPC In RIXS

Cu 0 Cu
Ground state o = |2k
° M
Mi = +ko(Ax — x) — ku@xj
Ax is the pre-deformation of springs: irrelevant in ground state, relevant in intermediate state
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Trends In classical oscillator model

P Intermediate state lifetime 7 (fs) Change of elastic constant in LS. k.,
g =10 : . - : , - = . : 0.35 .
Linear approximation tau = 20fs
8| Real ! tau = 40fs
®  er10% 031 1 tau=60fs
7t ]
T = B 0psl | Ton=6301s
6 | kg =1N/m | kg = 1N/m
w 5| | s 027
<] <]
T ] P4
4 0151
3l
0.1
5
0.05F
!
0 ; : : : : : ; 0 ; : : ; ; ; : : :
0 100 200 00 A00 500 800 700 A00 o 0.1 02 03 04 05 06 07y 08 09 1
tau [fs] Ke'Ko
Amplitide of oscillations: __ fer (_1) sin? (w;7) + (1 — cos(w, 7))2
AX Zkﬂ — kep Wy

Leonardo Martinelli, GG et al




The movie

Classical harmonic oscillator analogy
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Ament / van den Brink / van Veenendaal model

A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS .]‘Llly 2011

EPL, 95 (2011) 27008 www.epljournal.org
doi: 10.1209/0295-5075/95/27008

Determining the electron-phonon coupling strength from

. . .. » (a) M/wp=4, I'/wy=0.5 (b) M/wqy=4, I'fwy=5
Resonant Inelastic X-ray Scattering at transition metal L-edges . S
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RIXS phonon losses, I'/wy=5

RIXS amplitude
RIXS amplitude

AEinstein — i Bmax(n’,n),min(n’,n) (Q)Bno (g) . NG SN
. n—0 z+ (g —n)wo () M/wn=1, T/e=S5

Bmn(g) = (=1)"ve9mlnl ) ;_, (n(—ljg!)l!(\a{ng—n+l)! L |\ N

——> RIXS amplitude

RIXS amplitude

g=M?*/ws.

0 1 2 3 4 5
——> WL oss/Wo




Scaling laws

We scale all parameter on I, the
inverse of intermediate sate lifetime

If one can measure 1,/1,,
one can get g=M?/w,?
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At Cu L, 1t does not work directly: no 2ph peak
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We need alternative methods to measure M




New method to obtain M from RIXS data: detuning
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EPC in NBCO

Doping dependence: interplay with CDW at large g in (10)
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Fluctuating CDW might provide unified picture

DOS 4
\A (D UD - Mott
Fermi liquid, RPA: . P ? oD s
- 11(0) —
_ o ;
1O <5 ong A /
. V
1 / 1
V(an) - H{Qc_a)| @ A\
E ®L\/
I1(0) oc DOS

S. Caprara, C. Di Castro, G. Seibold, and M. Grilli
Phys. Rev. B 95, 224511 (2017)

The fluctuating CDW scenario
seems compatible with our
discovery
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Phonons in RIXS reveal CDW excitation
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Conclusions on CDW and CDF
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