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Modulated	  charge	  density	  

Modulated	  laFce	  posiHons	  

    Charge (density wave) order, « CDW » 

Picture from Keimer group
MPI-FKF Stuttgart





Stripe order in 1/8 doped LBCO 
Tranquada et al. 1995 

Charge order in YBCO (NMR) 
Wu et al. 2011 

Fermi-surface reconstruction in YBCO 
Doiron-Leyraud et al. & LeBoeuf et al. 2007 

Charge order in Hg1201 
Tabis et al. 2014 

CDW in NCCO 
da Silva-Neto et al. 2015 

LDOS checkerboard around vortices in Bi2212 (STM) 
Hoffman et al. 2002 

Checkerboard in zero field (STM Bi2212) 
Howald et al., Vershinin et al. 2003 

Fermi-surface reconstruction in Hg1201 
Doiron-Leyraud et al., Barisic et al. 2014 

Charge order in YBCO (XRD) 
Ghiringhelli et al.,  Achkar et al., Chang et al. 2012 
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High field NMR in YBCO 
(unsuccessful) 

MHJ et al. unpublished 

    20 years of charge order in cuprates 
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    Charge order phase diagram 
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�	  CHARGE	  (CDW)	  ORDER	  
�	  No	  spin	  order	  
�	  CDW	  must	  reconstruct	  Fermi	  surface	  
�	  Looks	  like	  a	  phase	  transiHon	  
�	  (Presumably)	  long-‐range	  CDW	  order 
�	  UnidirecHonal	  CDW	  (at	  least	  in	  O-‐II)	  
�	  CDW	  COMPETES	  WITH	  SC	  
�	  Similar	  energy	  scales	  (Tcharge	  ≈	  Tc)	  
�	  CDW	  correlaHons	  in	  the	  normal	  state	  
�	  CDW	  INSTABILITY	  MUST	  BE	  GENERIC	  

Wu et al. Nature 477, 191 (2011)
Wu et al. Nature Commun. 4, 2113  (2013)

From Nuclear Magnetic Resonance 



    Charge order phase diagram 
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Wu et al. Nature Commun. 6, 6438 (2015)

From Nuclear Magnetic Resonance 

�	  PRECURSOR	  LINE	  BROADENING	  
�	  «	  Weaker	  »	  charge	  modulaHon	  
�	  Really	  staHc	  (Hmescale	  0.1	  ms)	  
�	  Onset	  near	  150-‐170	  K	  
�	  Coincides	  with	  electronic	  anomalies	  
�	  intra-‐unit	  cell	  inequivalence	  (nemaHc)	  	  
�	  No	  sign	  of	  magneHc	  order	  
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    Lessons from NbSe2 

Pre-‐transiHonal	  NMR	  broadening	  from	  
short-‐range	  CDW	  around	  defects	  

J. Phys.: Condens. Matter 21 (2009) 155701 K Ghoshray et al

Figure 2. 93Nb NMR spectra at 24, 13 and 9 K. The solid line represents the theoretical fitting, using equation (1) considering (a) case (1),
(b) case (2) and (c) case (3).

Figure 3. Temperature variation of (a) the Knight shift (K∥), (b) the modulation amplitude (ν1) and (c) the intrinsic line width (2β),
respectively. Lines are a guide to the eye. The error in each case is the same as the size of the symbol.

δ appear. A continuous variation of ν1 with T would suggest
a second order nature for the phase transition, as indicated
by the previous authors from the T dependence of the overall
width of the NMR spectrum. The latter behavior also supports
the prediction by McMillan [21, 22] using the Landau theory
of phase transitions with the amplitude of the CDW as the
appropriate order parameter. However, the NMR spectrum is
not affected significantly with respect to variation of δ, as was
reported by Berthier et al.

On the other hand it is seen that 2β (figure 3(c)) remains
unchanged above 75 K, and then shows a continuous increment
in the range 30 K < T < 75 K. Below this range, 2β
again becomes temperature independent. Such behavior of
the intrinsic width of the central transition was not previously
reported. It was only mentioned that an increment of the
overall line width of the experimental spectrum occurred below
TCDW. The present observation of the enhancement of 2β
in the range 28 K ! T < 75 K appears as a signature
of change in the conduction electron spin dynamics, clearly
starting above TCDW and driving the system from a uniform
into a modulated conduction electron density of states below
TCDW. In this connection it may be mentioned that Berthier
et al [16] also reported a pretransitional broadening of the
(−1/2)–(−3/2) transition of the 93Nb resonance in 2H-NbSe2,
by comparing the inverse of the measured spin–spin relaxation

time (T2) with the measured line width. They explained the
excess line width as due to static impurity induced fluctuations.
Stiles and Williams [23], however, explained the broadening of
the same satellite transition as due to dynamical fluctuations
of the CDW. Moreover, such pretransitional effects were
also reported for 2H-TaSe2 and 2H-TaS2 from resistivity and
specific heat measurements [24] as well as from thermal
conductivity measurements [25] where the authors suggested
that dynamical effects are responsible.

Finally, in order to check the prediction of Stiles and
Williams [23] that the Knight shift distribution should be
linearly related to the square of the CDW amplitude, we have
plotted in figure 4 the normalized value of the total width of
the experimental spectrum below TCDW (after subtracting from
it the high temperature line width) as a function of normalized
(ν1)

2. The result agrees very satisfactorily with the prediction.

3.2. McMillan incommensurate model

To test the McMillan concept of discommensurations in
2H-NbSe2, we have followed the procedure of Suits et al
[13, 14]. This approach has the flexibility that by adjusting one
parameter, γ , one obtains the NMR line shape corresponding
to a conventional incommensurate (γ → ∞), a McMillan

4

Persists	  below	  TCDW	  

Onset	  at	  ≈2.3TCDW	  CDW 

Archetypal 2D CDW system 

Berthier et al. J. Phys.: Solid State Phys. (1978)
Ghoshray et al. J. Phys.: Condens. Matter (2009)

TCDW	  



    Lessons from NbSe2 

TCDW 

Recent STM experiments provide real-space 
images of Friedel oscillations with CDW period Arguello et al. Phys. Rev. B 89, 235115 (2014)

Chatterjee et al. Nature Commun. 6, 6313 (2015)



    Charge order phase diagram 
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Wu et al. Nature Commun. 6, 6438 (2015)

From NMR 

Striking	  analogy	  with	  NbSe2	  suggests:	  

Frozen	  by	  disorder	  
Otherwise	  fluctuaHng	  

Tonset	  



    Charge order phase diagram 
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From sound velocity 

LeBoeuf et al. Nature Phys. 9, 79 (2013)

�	  Thermodynamic	  evidence	  of	  phase	  transiHon	  



    Charge order phase diagram 
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From (hard & soft) X-ray scattering 

Ghiringhelli et al. Science 337, 821 (2012)
Chang et al. Nature Phys. 8, 871 (2012)

Achkar et al. PRL 109, 167001 (2012)
Blackburn et al. PRL 110, 137004 (2013)

Blanco-Canosa et al. PRL 110, 187001 (2013)

�	  Incommensurate	  period	  λ	  ~	  3.2	  b	  
�	  CorrelaFon	  length	  (H=0)	  ~	  20	  b	  ~	  6	  λ	  
�	  And	  much	  more…	  (following	  talks)	  



    Should we call this « CDW order »? 
What does ξCDW ≈ 6 λ mean? 

Is this a CDW?	   No	   Yes	  

ξCDW	   Small	   Half as long as in LBCO (1/8)	  

If disorder were absent	   Fluctuating CDW	   Long-ranged CDW	  

Effect of disorder	   Freezes fluctuations	   Breaks into domains	  

High-field transition 	   « The » CDW transition	   Subsidiary transition	  

Vocabulary	   « Embryonic » CDW	   « Vestigial » CDW	  

In	  any	  event:	  «	  Incipient	  CDW	  »	  pinned	  by	  naHve	  defects	  
Disorder	  does	  play	  a	  role,	  even	  in	  super-‐clean	  O-‐II	  YBCO	  

Nie, Tarjus, Kivelson, PNAS 111, 7980 (2014)

Del Maestro et al., Phys. Rev. B 74, 024520 (2006)
Robertson et al., Phys. Rev. B 74, 134507 (2006)

NB:	  disorder	  pinning	  affects	  CDW	  «	  texture	  »	  



    Charge order phase diagram 
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Wu et al. Nature Commun. 6, 6438 (2015)

Tonset	  

Not	  (yet)	  seen	  with	  Xrays	  



YBa2Cu3O6.56	  ortho-‐II	  
Wu et al. Nature Commun. 4, 2113  (2013)

    Field dependence 
Provides direct evidence of competition: SC impedes CDW 

H||c T = 2 K H||c 

H||ab 

Wu et al. Nature Commun. 4, 2113  (2013)

TransiHon	  field	  
in	  vortex	  state	  



Halo	  of	  enhanced	  CDW	  
correlaHons	  around	  
each	  vortex	  core	  

Long	  range	  order	  
when	  halos	  overlap?	  Increase 

field 

    CDW in vortex state 
Incipient CDW takes refuge in/around vortex cores 

Wu et al. Nature Commun. 4, 2113  (2013)

Hoffman et al. Science 295, 466 (2002)



    Nature of field-induced transition? 

TransiHon	  fields	  in	  NMR	  and	  ultrasound	  are	  different	  
Should	  we	  expect	  2nd	  order	  transiHon?	  
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Possible	  explanaHons:	  
�	  Experimental	  error	  (ruled	  out)	  
�	  Phase	  diagram	  has	  cusp	  
�	  NMR	  sees	  local	  order	  first	  



    Conclusion 

CDW	  is	  an	  important	  piece	  of	  the	  high-‐Tc	  puzzle	  
�	  Ubiquitous	  
�	  Impacts	  on	  many	  electronic	  properHes	  
�	  Related	  to	  superconducHvity	  in	  a	  way	  or	  another	  
	  
Yet,	  its	  exact	  nature	  remains	  to	  be	  worked	  out	  
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