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La2-xCexCuO4±δ (x = 0.10) thin films  

with slightly manipulated oxygen content by δ 

• emergent electronic states as a function of magnetic field and assist in probing the nature of 
electron-doped cuprate from the aspects of plausible topological order with SR-SDW and 
the FM polarization.   
 

• First, quantum phase transition from the AF state to ferromagnetism (FM) polarization is 

observed between 50 and 60 Tesla for different samples.  

 

 

• The phase boundary shows a universal behavior that can be well described by the holographic 

model based on AdS/CFT.  

 

• Second, a characteristic field between 20 and 30 Tesla, far beyond the upper critical field (i.e. 

Hc2 ~ 10 T)  be intimately related to the superconducting transition temperature 

 

• Crossover from positive magnetoresistance to negative magnetoresistance at the zero 

temperature limits, linked to a plausible topological order with short-range spin density wave 

(SR-SDW) and a canted AF state,  
 

 



The normalized temperature-field 
phase diagram of LCCO.  

magneto-electrical transport in three optimal-doped LCCO samples  with different oxygen 

content 



Hall resistivity of optimal-doped LCCO 
at high magnetic field.  

(A)Temperature dependence of Hall coefficient in 15 Tesla for all the samples. The kink 

behavior indicates Fermi-surface reconstruction at low temperature resulting from AFM 

transition. Tk of every sample are extracted from the apexes of curves.  

(B) Temperature dependence of Hall coefficient in different fields up to 55 Tesla for S1. Hall 

kinks shift to low temperature with increasing field.  

(C)  The relationship between AFM transition temperature Tk and magnetic field B for three 

different samples. 



Longitudinal 

Hall resistivity 



Magnetoresistivity of optimal-doped 
LCCO  



Hall ‘kink’ and resistivity ‘upturn’ 



The Hall number and AF transition 



Topological order 

 

a Cu2+-O-O triangular plaquette on the Cu-O plane, which has a pre-localized spin and 

two neighboring oxygens. Clockwise and anticlockwise π-orbital currents or moments are 

shown in pink and blue, respectively. 

  

The sequence tunneling of a doped electron. Such state is unstable and this instability can 



Topological Order and Phase transition 

• a Cu2+-O-O triangular plaquette on the Cu-O plane, which has a pre-localized spin 
and two neighboring oxygens. Clockwise and anticlockwise π-orbital currents or 
moments are shown in pink and blue, respectively. 

•   

• The sequence tunneling of a doped electron. Such state is unstable and this 
instability can lead to the formation of spontaneous local orbital current. 

 

• A schematic depiction of the dissociation of the vortex-antivortex pairs (or 
clockwise and anticlockwise orbital currents) by magnetic field. The magnetic field 
is applied perpendicular to the plane of the quadruple moments.  

 

• The field polarizes orbital currents of a particular chirality and thereby causes an 
unbinding of the vortex-antivortex pairs when the limit is approached.  

 

• This leads to a Beresinki-Kosterlitz-Thouless like phase transition.  
 



Doping vs Magnetic Field 



Holographic Top Down and Bottom Up 

• What kind of Materials can be treated with 
Holographic Methods? 
 

• What kind of States of Matter can be treated with 
Holographic Methods? 
 

• Temperature as Hawking Temperature of black 
hole 
 

• Quantum phase transitions! 
 





AF Order and QPT 



Focus on Ni and Co: BiCoPO5 

• structure->: mixed double chains of 

• Two edge-sharing CoO6 octahedra, alternating 

• With two  edge sharing BiO6  octahedra 

• These two mixed chains are connected via oxi-
phosphate PO4 tetra-hedra 

• Anti-ferro-magnetic at low T 

• Interaction increases           with Co->Ni 



Focus on Ni and Co: BiCoPO5 

• structure->: mixed double chains of 

• Two edge-sharing MO6 octahedra, alternating 

• With two  edge sharing BiO6  octahedra 

 

 

• Centre of inversion 

• Between Bi atoms 

 

 

 



Co2 O10-group 

• The centre of inversion between Co atoms 



BiCoPO5-structure 

Monoclinic structure 



Co2+ orbitals  S=3/2 
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Crystal field                        Tetragonal distortions   Monoclinic   distortions 
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Ni3+    3d7 orbitals  S=3/2 High Spin 
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Ni3+    3d7 orbitals  S=1/2 Low Spin 
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\Crystal field                        Tetragonal distortions   Monoclinic   distortions 
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Ni2+    3d8 orbitals  S=1 
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\Crystal field                        Tetragonal distortions   Monoclinic   distortions 
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BiCoPO5-magnetic structure 

 

 

 

 

 

 

• monoclinic,- magnetic group P 21/n ( C2h) has four 
irreducible 1 D representations: 4 spin config-orientations, 

•  Ni mag-moments nearly perpendicular to the a-b plane, 
Co - are not-collinear, close to the plane 







Top view on AF magnetic chains in 
BiCoPO5- each unit is a large spin ~7 μB . 

 

Mentre et al (2008) 



More than 8 exchange parameters  
>J1, J2, J3, J4, J5, J6, J7, J8 
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More than 8 exchange parameters  
>J1, J2, J3, J4, J5, J6, J7, J8 



More than 8 exchange parameters  
>J1, J2, J3, J4, J5, J6, J7, J8: Phase Diagram? 



BiCoPO5-structure 

 



General BiCoPO5 like-structures 



Specific Heat of  BiCoP O5 
II Order Phase Transition  



Succeptibility of  BiCoP O5  

Curie-Weiss like AF state 



Comparison with traditional AF 



Phase Diagram of  BiCoPO5  

NO features other than AF-PM transition!!!! 

From Cp(T) data 

Mathews et al 
SSC, (2013) 



The thermodynamics of  
complex magnetic such as BiCoPO5  

• Strong and Long-Range Interaction between  spins 
and orbital moments  

• Existing model has >8 exchange parameters 

• The magnitude of the moments changes, e. g. Low  vs 
High Spin states in Co2+  with T 

 

 

To solve it is a hopeless task 

We were looking for the help from???? 

 

In BLACK HOLE 

• Due to frustration->The  glassy characters  and the 
number states increases exponentially  

• =>May have fractal energy  spectra and the set of 
orbital magnetic moments  

 

 

 



Model for BICoPO5 and  SrCo2V2O8  

The low-energy dynamics of the large-spin one-dimensional Heisenberg Antiferromagnet is 
found to be the O(3) nonlinear sigma model.  (Haldane , 1983) 

Provided that the vector field n(x) satisfy 



Single Haldane Chain as Landau-
Ginzburg-Wilson model 

 
How can we describe interaction between   
the Haldane chains?!      : 

When J S >> 1 it is sigma model 



Model for BICoPO5 and  SrCo2V2O8  

• System  consisting of 1 D AF 
chains with large S 

• The low-energy dynamics of 
the large-spin model 

• one-dimensional Heisenberg 
Antiferromagnet as the O(3) 
nonlinear sigma model.  
(Haldane , 1983) 
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General relativity “=“ quantum field 
theory 

Gravity Quantum fields 

Maldacena 1997 

= 
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General relativity “=“ quantum field 
theory 

Gravity Quantum fields 

Maldacena 1997 

= 
AdS/CFT 

correspondence 
In Anti-de-Sitter space When they are conformal = 

quantum critical 



Gravity helps for quantum world by 
holography 

Einstein Universe “AdS” Quantum field world “CFT” 

lives on boundary 

‘t Hooft Susskind 

holographic principle  

Classical world, 

weakly 

interacting Very quantized, 

strongly 

interacting 



boundary:  

d-dim space 

-time 

Hawking radiation 

gluons 

Black holes 

strings 

quarks 

 AdS/CFT correspondence: String theory Magic! 
 

d-dim. gauge theory                                                      (d+1)-dim string theory 

/  conformal field theory                                               / gravity theory 

 

 

Maldacena 

Witten, Gubser,Klebanov,Polyakov 

One extra dimension,  

hence the name  

“Holography” 



The bulk: Anti-de Sitter space 

Extra radial dimension 

of the bulk <=> scaling 

“dimension” in the field 

theory 

Bulk AdS geometry = scale 

invariance of the field 

theory= scaling in phase 

transition=critical indices 

UV IR 
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The black hole is the heater 

GR in Anti de Sitter space Quantum-critical fields on the boundary:  

Black hole 
temperature 
entropy 

- at the Hawking temperature  

- entropy = black hole entropy 



Model for BICoPO5 and  SrCo2V2O8  

• We start with Haldane O(3) 
nonlinear sigma chains(n2=1): 

 

 

• Then we would like to 
introduce quantum fields  

• Like Landau-Ginzburg-Wilson 

A         B             C 
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The thermodynamics of BiCoPO5 is encoded  
into the Anti de Sitter (AdS) space  
with the black hole in the centre 

•
V

er 

Black Hole  

Temperature of black hole: 



The triumph: gravitational encoding 
of all thermal physics! 

Schwarzschild black hole 

in the bulk 

Boundary: the emergence theories 

of finite temperature matter.  

- All of thermodynamics! Caveat: 

phase transitions are mean field (large N limit).  

- Precise encoding of Navier-

Stokes hydrodynamics! Right now 

used to debug complicated hydrodynamics (e.g. 

superfluids). 

  

- For special “Planckian 

dissipation” values of parameters 

(quantum criticality in HTSC):  

  



 h  const.
h

kBT
, const. O(1) J. Zaanen et al , Nature, Science 2010 ,… 

FVK, M. Saarela (2015) 



Equation of Motion in AdS space 

• Separate into two polarisation fields: M1
μν  and M2

μν  
• Each is similar to the tensor Fμν  

 
• M1

μν  is the polarisation quantum field associated with magnetisation of first sub-lattice;  
• M2

μν -- is for the second one 
 

• Tensor field  is needed to take all  multi-pole type of interaction: dipole, quadrupole and 
quantum dynamics of the spins system … 
 

• m2 - is the charge(mass) of the tensor fields particles (like Higgs bosons); 
•  k  - is the interaction between fields;  
• J   - is the self interaction as in sigma or LGW models 

 
 



Equation of Motion in AdS space 



The charged back hole encoding  
for finite density  (2008 - ????) 

Anti de Sitter 

universe. 

Finite density quantum matter: 

Charged black hole 

in the middle 

High Tc 

superconductors 

Emergent Fermi 

liquids 

Stripy pseudogap 

orders 

Holographic 

strange metals  

J. Zaanen et al, 2008,… 



Quantum Critical Point  in Magnetic Field 

Quantum 

Critical 

Point 

Coherent state 



Existence of Coherence 

AF ordering 



Quantum Critical Point at B=Bc 

Where   TN   = TN(B)/ TN(0) 

One may understand 

 it as rosy spin  

 in a mean field BM  

of all other spins 

 

External field BM   

compensates 

the applied one, B  

 

When BM  = B = Bc 

 =>QCP 

 



First Fit to Phase Diagram of  BiCoPO5   

Chosen arbitrary 
parameters: 
J=-1 
m2=-3/2 
k=3/2 AF 



Phase Diagram of  BiCoPO5  

J=-6 
m2=-3/2 
k=3/2 



Comparison of Phase Diagram of  
BiCoPO5  and other compounds 



Quantum Critical Point for BiCoPO5  

and other compounds 



Spectral Function, when B>Bc 

ESR 

resonance  



Summary, Part I 
 • Holographic duality AdS/CFT used to solve the quantum 

behavior of BiCoPO5 at very low temperatures 

• Finding of QPT from antiferromagnetic phase(AF) to quantum 
disordered or ferromagnetically order phase(QD)  

• the Neel temperature, TN, of AF order is suppressed by 
magnetic field B at the critical magnetic field Bc,  TN = 0 there 
Quantum Phase Transition and QCP  occur.  

• At QCP,  the dynamic exponent z = 2, which means that the 
boundary critical theory is indeed a strong coupling theory with 
effective dimension de = d + z = 4.  

• The hyperscaling law is violated, logarithmic corrections and 
energy gap or ESR resonance excitation appear near the QCP, 

•  Correlation length describes by power law with exponents  ν= 
1/2 and z = 2.  



BiCoPO5 in Magnetic Field 

Quantum 

Critical 

Point 

Coherent state 

Holographic AF state                                                           ν=1/2 
 

          z=d=2  



Summary, Part II 
 • Holographic duality AdS/CFT provides the  complete characterisation 

of the  AF state and QCP 
• => other quasi one dimensional materials, no AF order 
• Here Bc=0 ,  TN = 0, and the QCP  occur.  
• At QCP,  the dynamic exponent z = 2,  
• The  ESR resonance line (“energy gap”) appear near the QCP,   

 
 
 
 

correlation length described by power law  
• with exponents  ν= 1/2 and z = 2.  
• Similar quasi 1D  compounds  
• (Sr,Ba)Co2V2O8 
 also  Er1-x Yx Ti2 O7 

 



Holographic AF State in BiCoPO5  

Thank you for  

your attention !  



Magnetisation of  BiCoPO5  
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Weak vs Strong Interaction or  
Kramers-Wannier duality 

Kramers  

High temperature 

or strongly coupled 

Wannier, 1946  



H 
J

kBT
Si

z

 ij

 S j

zLow temperature 

or weakly coupled 

Self-duality special to 2D: e.g. in 3D global Ising dual to Ising 

gauge theory.  

=  domain wall condensate = 



H 
kBT

J
˜ S i

z

 ij

 ˜ S j
z



Magnetisation of  Er2Ti2O7  
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Magnetisation of  Er2Ti2O7  

















Magnetisation of  SrCo2V2O8  
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Magnetisation of  SrCo2V2O8  



 Summary for SrCo2V2O8  

• There is the field-induced magnetic transitions in the quasi-1D spin chain system 
SrCo2 V2 O8 under longitudinal and transverse fields  

• by means of magnetic susceptibility and heat capacity measurements.  
 

• antiferromagnetic-paramagnetic transition is observed instead of spin-flop 
transition in the longitudinal field to magnetic easy c -axis, which is similar to that 
in the transverse field.  

 
 The antiferromagnetic-paramagnetic ( AF-PM)  transitions occur 
• in the same framework for both longitudinal and transverse fields.  
• These interesting magnetic transitions in SrCo2 V2 O8 , irrespective of the applied 

field direction, are likely due to its large anisotropy 
 

• The observation of field-induced magnetic transition in SrCo2 V2 O8 will stimulate 
further theoretical and experimental studies of quasi-1D anisotropic spin chain 
systems 



Magnetisation of  SrCo2V2O8  



Magnetisation of  SrCo2V2O8  



Magnetisation of  SrCo2V2O8  

The low-energy dynamics of the large-spin one-dimensional Heisenberg Antiferromagnet is 
found to be the O(3) nonlinear sigma model.  (Haldane , 1983) 



Basics of holographic description 
• Boundary values of bulk fields act as sources, deforming the action of 

boundary theory 

 

 

•                                    Boundary values of     are sources for  

• Extra “holographic” dimension z corresponds to scaling, so  

      scaling dimensions of boundary operators   bulk energies. 

• Global charges in the boundary theory  Gauge fields in the bulk 

• Finite electron density is implemented with electric field in the bulk => 
consider charged Reissner-NordstrÖm Black Hole background 

Electrical charge 



 

 

E-field 

transverse E-field    3d electric field 

radial E-field        3d charge density 
 

B-field 

radial B-field             3d magnetic field  

transverse B-field    3d current density 

 

spatial metric perturbations 

transverse gradient   3d distortion 

radial gradient           3d stress tensor 

 

temporal metric perturbations  

transverse gradient      temperature gradient 

radial gradient               heat flow 

SUSY Einstein-Maxwell in AdS4  SUSY 3D Yang-Mills CFT 

The AdS/CFT dictionary 

Analytic 
computation of 
real-time transport 
properties: 
Resistivity, 
Heat conductivity 
Nernst effect, 
Magnetic 
susceptibility... 
 
Entanglement 
entropy is 
proportional to 
Black hole horizon 
area.  



General scheme of holographic computations  

• Take some Gravity+Maxwell+.... background 

• Couple some scalar/fermion/vector/spin-2 field  

to it and solve equations of motion. 

  

 

 

 
• a and b are source and expectation value. If there is a solution with a=0 

and b≠0  we get condensate (Black Hole with “hair”)  

• AdS-to-ARPES program: Coupling fermions to various scalar, vector and 
tensor fields in the bulk,  all types of behaviour can be generated: 
pseudogap, Fermi arcs, Fermi pockets  

 

 



Examples of AdS-to-ARPES 
• Fermi-liquid from charged black hole background (J.Zaanen et al, Science 325 

(2009) 439) 

• Marginal Fermi-liquid (C.M.Varma, P.B.Littlewood,S.Schmitt-Rink, E.Abrahams, 

A.E.Ruckenstein  PRL  63, 18 (1989)) is constructed holographically from the same 
background. T-linear resistance is obtained for some values of 
parameters.(J.Zaanen et al, Science 325 (2009) 439, 

S.S.Lee; Faulkner, Polchinki, Liu, Vegh, McGreevy, Iqbal, Sachdev....2009 -2010) 

Low-energy theory can also be derived by conventional large-N 
approximation  (from, e.g. Sachdev-Ye model). (Sachdev 2010) 



• Fermi pocket and Fermi arc from coupling of fermions to p-
wave order parameter and to spin-density wave order. (D.Vegh, 

1007.0246)  

Examples of AdS-to-ARPES 



Holography as a tool to explore 
microscopic models 

• How to connect to microscopic models? 

• Semi-holographic models: Goldstone modes are extracted from low-
energy dynamics. Obtained by holographic Wilsonian RG flow. 

• “Fractionalization”, Spin-model  Lattice Gauge theory duality 

Matching IR theories   

Faulkner,Liu,Rangamani 2010 



Holographic 
models 

Experiment 
Microscopic 

models 

Lattice 
simulations 

Real 
time 

Imaginary 
time 

Holographic models are good for: 
Analytic computation of real-time transport properties: 
Resistivity, 
Heat conductivity 
Nernst effect, 
Magnetic susceptibility... 
Entanglement entropy is proportional to the Black hole horizon 
area.  
 
BUT: Underlying field content of holographic model is usually not 
clear. 



Sachdev’s work as a prototype S.Sachdev, PRL  105, 151602 (2010)  

• Mean-field solution of Hubbard model  Holographic model 

• Detailed correspondence between low energy Fractionalized FL and 
holography in which low-energy limit is factorized to AdS2 x R2 

Conduction electrons 
with small Fermi-surface 

Hybridization with 
strongly-coupled  

IR  CFT 

IR  CFT 
 

Marginal Fermi-Liquid for  

Connected with Anderson model: Spins form gapless spin liquid    

In large-spin limit Sachdev gets the same IR CFT 



Research plan 

 Goal: develop QFTs near observed Quantum Critical points and connect 
them with AdS-CFT phenomenology at low energies. 

• Match fractionalized (with slave-boson technique) microscopic models  to 
semi-holographic models  (with separation of Goldstone and Strongly-
coupled modes) :  

- multiband Hubbard models; 

- include long-range Coulomb interaction 

• Compare with conventional  techniques for  finding corrections to Fermi-
liquid behaviour.  

• Calculate physical properties and understand experimental data.  

• Tune the holographic model by matching to lattice simulations and 
experiments 

• Study the effects of impurity scattering in the models.  

• Compare Holographic RG with Functional RG calculations 

 



Semi-Holographic models 

Non-trivial QFT on the boundary 
                    that is 
     interacting with bulk modes 

Shrinking the boundary generates the RG flow 
Goldstone modes on the boundary are coupled to  
IR modes in the bulk 

Nickel, Son 2010 “Deconstructing holographic liquids”; 
Faulkner, Liu, Rangamani 2010 “Integrating out geometry:  
     Holographic Wilsonian RG and the membrane paradigm”  
Heemskerk, Polchinski 2010 “Holographic and Wilsonian RG” 



List of influential papers 

• Lee, Nagaosa,Wen 2006:  Doping a Mott insulator: Physics of high-temperature 
superconductivity 

• Sachdev 2010: The Landscape of the Hubbard model; Strange metals and AdS/CFT 
correspondence 

• Faulkner, Polchinski 2010: Semi-Holographic Fermi Liquids 

• Nickel, Son: Deconstructing holographic liquids 

• Herzog 2009: Lectures on Holographic Superfluidity and Superconductivity 

• Kusmartsev, Saarela 2008: Nanoscale structures and pseudogap in Under-doped High-Tc 
Superconductors 



• Short bonds to 4 oxygen atoms in the plane 

• Forming a distorted square pyramid 

• Which share edges with two Bi atoms 

• Above and below the BiO2 plane 

 

Bi forms Infinite (BiO2)- chains 



Bi forms Infinite (BiO2)- chains 


