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abstract 

Competition between electrons Coulomb repulsion and impurity potential on the effective system band 

structure and phase diagram of an electrons interacting impurity doped square lattice in the half band 

filling investigate. For this purpose, we introduce a method for studying this system in the dynamical 

mean field theory (DMFT)+ coherent potential approximation (CPA) and multi-site beyond super cell 

approximation. By using calculated realistic band structures, competition between these parameters in the 

system phase diagram investigate.  Our calculated band structures shows that  ( 4t  , u=0)  is a point 

which Anderson insulator phase observes, by increasing Coulomb repulsion energy gap between splitted 

energy bands reduces and the gap between these bands completely disappears at uc1=3.11t and uc1=2.7t 

for the DMFT+CPA and 4 sites beyond super cell approximation respectively. For Coulomb repulsion 

strength greater than uc1, u>uc1, the two bands merges to a single energy band, hence creating a metallic 

AF state.  The metallic state occurs in a region where the strength of the Coulomb interaction is large 

enough to overcome the disorder potential effects. This metallic state extended until uc2=13.99t   and 

uc2=8.15t for DMFT+CPA and 4 sites beyond super cell approximation respectively. These metallic state 

sandwiches between two insulators states, Anderson-Mott insulation u<uc1 and Mott-Anderson insulation 

u>uc2.  Another important result is observing partial flat valance and conduction bands at fermi energy for 

especial repulsion strengths. 

 

 

 

 

Introduction 

Quantum many particle systems with Coulomb repulsion plus impurity doping play an important role in 

the condensed matter physics [1-5]. Competition between kinetic energy, electronic correlation, periodic 

lattice potential and disorder potential in a two-dimensional square lattice is an important issue for 
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decades and is still under debated [6, 7]. The metal-insulator phase transition driven by only one energy 

scale at the half band filling in the two-dimensional systems seems to be relatively well understood as 

follows: (i) The on-site Coulomb interaction opens a Mott gap, (ii) the periodic lattice potential opens a 

band gap, and (iii) strong disorder induces an Anderson gap [8-14]. But when the Coulomb interaction 

and disorder compete with each other and with lattice potential, the problem becomes complicate. 

Numerous numerical and analytical methods have been used to examine the competition between 

coulomb repulsion and disorder strength[15-26] . The importance of examining interacting systems with  

disorder lies in the fact that there are a variety of real systems in which the Coulomb and disorder 

interactions play an important role, for example a disordered perovskite compounds, layered 

dichalcogenide 1T-TaS2 with Cu intercalation, Sr2Ir1−xRhxO4 at low doping, nano-arrays on two-

dimensional surfaces[27-30] , granular deposits of transition metal-based systems [31, 32], and  two-

dimensional metal-oxide semiconductor field-effect transistors [33, 34].  While the experiments on thin 

metallic films were in good agreement with the early theories, the observation of a metal-insulator phase 

transition in the 2D metal oxide-semiconductor field-effect transistors (MOSFETs)[33] challenged the 

older paradigm. There is as yet no definitive explanation of the origin of the metallic behaviors in the 

above system  [5]. In addition to solid-state physics, there are also disorder interactive systems in the field 

of cold atoms in optical lattice [35-39]. A major advantage of cold atoms in optical lattices is the high 

degree of controllability of the interaction and the disorder strength, thereby allowing a detailed 

verification of theoretical predictions [17]. In particular, these quantum many-body systems will allow for 

the first experimental investigation of the simultaneous presence of strong interactions and strong 

disorder. This very interesting regime is not easily accessible in the correlated electron materials. Namely, 

at or close to half band filling where interaction effects become particularly pronounced, strong disorder 

implies fluctuations (e.g., of local energies) of the order of the band-width, which usually leads to 

structural instabilities. These limitations are absent in the case of cold atoms in optical lattices where 

disorder can be tuned to becomes arbitrarily strong without destroying the experimental setup [17].  

The Hubbard model has been intensively studied via various numerical methods such as quantum Monte 

Carlo and cluster-dynamical mean field theory approaches[40-43]. Here we explore the interplay of 

electron correlation plus disorder in a 2D square lattice by using beyond super cell approximation. The 

impurity super cell Green function solved by QMC method.  

Model and results 

We start our investigation by studying disorder Hubbard model for an interacting alloy system, which is 

given by 

†
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(1)                                          

where 
†
i ic (c )    is the creation (annihilation) operator of an electron with spin σ on lattice site i,   

†
i i in̂ c c   is the number operator and ijt 

 are the random hopping integrals between i and j lattice 

sites with spin σ and   respectively. u is the onsite Coulomb repulsion between electrons with opposite 

spin. μ is the chemical potential which at half band filling is µ=u/2, and εi is the alloy random on-site 



energy, where takes and −δ/2 with probability 1− c for the host sites and δ/2 with probability c for 
impurity sites . 

In the imaginary time τ, the equation of motion for electrons corresponding to the system Hamiltonian, 

Eq. (1), is given by, 
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where I in the spin space is a 2 × 2 unit matrix, 
ij ijt t I     and two particle Green function G2(i, j; τ) 

defined by 
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The single particle equation of motion corresponding to Eq. (2) in the effective medium theory is given by 
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where self-energy matrix (i,l; )    defined by 

2
l
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The relation between interacting disorder single particle Green function G(τ ), average single particle 

Green function G( )  and two particle Green function G2(τ ) in the real and spin spaces that obtains from 

Eqs. (2) and (5) is 

2G( ) G( ) G( )(G ( ) ( )G( ))         .                                                                  (6) 

Eq. (6) can be reduce to a super cell by using effective medium super cell approximation (EMSCA). The 

details of  EMSCA process are given in our  previous work  .[44]. By applying EMSCA to the interacting 

system, Eq. (6) reduces to 

imp imp imp
sc sc sc 2sc sc scG ( ) G ( ) G ( )(G ( ) ( )G ( ))         .                                        (7) 

Equation (7) could be written as 



c c

1 imp imp 1 1
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           .                           (8) 

Equation (8) could be separated into two following equations 

sc sc sc sc scG ( ) g ( ) g ( ) ( )G ( )                                                                              (9) 

and  

imp imp
sc sc sc 2scG ( ) g ( ) g ( )G ( )                                                                                      (10) 

where gsc(τ ) is called super cell cavity Green function with no interaction on its sites. Equations (9) and 
(10) imply that our calculations reduced to a super cell. Super cell average of Eq. (10) leads to Eq. (9) 

where 

      
imp
2sc sc scG ( ) ( )G ( )         ,     

imp
sc scG ( ) G ( )     .                                              (11)  

Another method for deriving Eqs. (9) and (10) is applying effective medium super cell approximation 

(EMSCA) to the interacting disorder system total action, S. Detail of this method  are given in our 

previous work[44]. 

To solve Eq. (10) we should find the two particle supercell impurity Green function 
imp
2scG ( )   in terms 

of super cell single particle Green function imp
scG ( ) . To do this here we use following Hubbard–

Stratonovich transformation. By dividing imaginary time τ ∈ [0, β] into M small portions 
M


   and 

using Hubbard–Stratonovich transformation it is possible to convert action Ssc to Ising like fields [45-49] 

hence two particle impurity super cell Green function 
imp
2scG ( )   into production of an Ising like fields 

and imp
scG ( )  

 0
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In the actual calculation of imaginary time discretized of Eq. (12) the following form are using [45] 

   s s0 0
V Vimp 1 1

sc sc(G ( , )) (g ( , )) e e 1
    

       l l l l   .                                                   (14) 

Here we examine the interacting disorder Hamiltonian in the single-site (DMFT+CPA) and multi-site 

NC=4 beyond super cell approximations by using the QMC method with parameters T/t=0.28 and c=0.5. 

Details of the method are given in our previous work [44]. Electronic square lattice systems with 



Coulomb repulsion interaction plus impurity doping extensively studied but the advantage of our work 

with respect to the previous works is preserving multi sites scattering effects and eliminating fake states to 

obtain realistic band structure. Figure 1 (a) and (b) shows comparison of the dos extracted from realistic 

bands and the dos directly obtained from calculated local effective Green function for Nc=1 and Nc=4. 

The fake states in the dos directly obtained from calculated effective local Green function are clearly 

visible. So, the density of states that directly calculated from calculated effective local Green function is 

not the real density of states of system . Following the method presented in our previous work[44] , the 

fake states of the density of states are  removed and the real density of the states is calculated. To reveal 

advantage of presented  method we calculate renormalized square lattice bands in the DMFT and four 

sites, Nc = 4, beyond super cell approximation for 4t   and different electrons Coulomb repulsions.  

 

Figure 1 shows (a) comparison of the dos extracted from realistic bands and the dos obtained from 

calculated local effective Green function for Nc=1. (b) comparison of the dos extracted from realistic 

bands and the dos obtained from calculated beyond super cell local effective Green function for Nc=4. We 

see that DMFT over estimates metallic-insulator phase transition.  

Electron localization could be extracted from different quantities such as  G( / 2)    curve in terms of 

u/t when it goes to zero, the quasi-particle weight Z, the calculated dos when become zero at Fermi 

energy and splitting calculated bands at Fermi energy[8]. Since  G( / 2)   ,  Z and dos obtain directly 

from the calculated local Green function, and the local Green function contains fake states, thus directly 

using them cannot provide accurate critical Coulomb repulsion and impurity strength that electrons 

localized points that a metal-insulator phase transitions occurs. To highlight strongness of our method, for 

the disorder potential 8.0t  ,  the calculated G( / 2)    in terms of the Coulomb repulsion u/t and 

also band structures at critical values for DMFT and Nc=4 beyond super cell approximation  are plotted.  

 



Our results for DMFT   presented in Figure 2. Figure 2 (a) shows that, two phase transitions occurs at  (

8.0t  , uc1=4.5t) and ( 8.0t  , uc2=30.0t), but our calculated realistic band structures that illustrated in 

the Figure 2(b) and 2(c) shows that phase transitions occurs at ( 8.0t  , uc1=11.33t)  and ( 8.0t  , 

uc2=21.5t ). The difference between these predicted critical values is due to the presence of fake states in 

the calculated local Green function. 

 

 

Figure 2 shows  (a) a 2d square interacting disordered system G( / 2)    in terms  of u/t in the DMFT 

approximation, Nc=1 , at G( / 2)   . This shows that the phase transition occurs at lower point (

8.0t  , uc1=4.5t) ,  and at higher point ( 8.0t  , uc2=30.0t). (b) and (c)  illustrate calculated realistic 

bands at lower critical value ( 8.0t  , uc1=11.33t) and higher critical value  ( 8.0t  ,  uc2=21.5t) , 

respectively. 

 

 



Our results for Nc=4 beyond super cell approximation shown in Figure 3. Figure 3(a) shows that the 

lower phase transition occurs at ( 8.0t  , uc1=6.0t) ,  and higher ( 8.0t  , uc2=20.0t) , but according to 

the calculated realistic band structures, Figure 3(b) and 3(c), lower phase transition occurs at   ( 8.0t  , 

uc1=10.0t) ,  but  higher phase transition happens at ( 8.0t  , uc2=15.0t). The difference between these 

predicted critical values is due to the presence of fake states in the calculated local Green function. 

 

 

 

Figure 3  shows  (a) a 2d square interacting disordered system G( / 2)   in terms  of u/t in the beyond 

super cell approximation, Nc=4 , at 8.0t  . This shows that the phase transition occurs at lower point (

8.0t   uc1=6.0t) ,  and at higher point ( 8.0t   uc2=20.0t). (b) and (c)  illustrate calculated realistic 

bands at lower critical value ( 8.0t   uc1=10.0t) and higher critical value  ( 8.0t   uc2=15.0t) 

respectively. 



Comparison of  figures 2 and 3, illustrate that the critical values of the multi-site approximation is less 

than the single-site approximation. In other words, the calculated critical Coulomb repulsion by multi-site 

approximation is lower than the single-site approximation, because in multi-site approximation, the 

effects of  inter-site correlation are considered. Another result that can be emphasize in Figure 2(a) and 

3(a), is the competition between electrons Coulomb interaction and impurity disorder potential, which 

leads to creation of  different phases in this system. Two metallic to an insulator phase transition can be 

detected through G( / 2)   , but it is not possible to distinguish the exact critical Coulomb repulsion 

and disorder strengths of these phase transition points. 

To complete our results, we discuss competition between electrons Coulomb repulsion and impurity 

potential on the system band structure and its electrical properties.  We calculated bands structure of this 

system in the Nc=1 and   Nc=4 sites beyond super cell approximation by fixing impurity strength at 4t   

for a range of Coulomb interactions. These results are shown in Figures 4 and 5. For the case of a non-

interacting system, u=0, and disorder potential 4t  , the system bands are separated where valance band 

is full but conduction band is empty, so the system is an insulator. By increasing electrons repulsion, 

energy gap between these bands reduces and at lower critical strength uc1=3.11t and uc1=2.7t for DMFT 

and Nc=4 beyond super cell approximation completely disappears respectively. For repulsion greater than 

lower critical value, u > uc1, the two bands merge to form a single-band, hence a paramagnetic metallic 

state observes. The metallic state occurs in a region that the strength of the Coulomb interaction is large 

enough to overcome the disorder potential. These metallic states observe for larger u until upper critical 

value uc2=13.99t   and uc2=8.15t for DMFT and Nc=4 beyond super cell approximation respectively. For 

u>uc2 the system bands separate hence system becomes an insulator. Figure 4 shows calculated bands and 

density of states for the DMFT for fixed disorder potential 4.0t    but different interaction strengths. 

From Figure 4, we can easily see competition between electrons Coulomb repulsion and impurity disorder 

potential in the phase transition process, in which the system first is in the Anderson insulated state, then 

by increasing electrons Coulomb repulsion the gap between valance and conduction bands decreases until 

at u=uc1=3.11t it disappears completely. At this critical value of the interaction, the insulator-metal phase 

transition occurs and this metallic state continues until u=uc2=13.99t. For values greater than uc2, a gap is 

opened between the bands and the metal-insulator phase transition occurs and the system becomes an 

insulator.  

 



 



 

Figure 4. shows calculated realistic band structure and dos in the Nc =1 approximation for (a) non-

interacting, u=0, but disorder potential 4.0t  . In this case system is an insulator. (b) u=3.11t and 

4.0t   that is a semi-metal. (c) u=7.0t and 4.0t   that is a correlated metal. (d) u=13.99t and 4.0t   

that is a semi-metal. (e) u=16.0t and 4.0t    that is an insulator. 

 

Figure 5 shows the calculated bands and DOS  of this system in the Nc=4  beyond super cell 

approximation for fixed 4.0t   but different interaction strengths. 

 

 



 

 



Figure 5 shows Nc=4  beyond super cell approximation calculated (a) bands and dos for non-interacting, 

u=0, but disorder potential 4.0t  . System is an insulator. (b) bands and dos for u=2.7t and 4.0t  . 

The system is a semi-metal. (c) bands and dos for u=4.0t and 4.0t  . System is a correlated metal. (d) 

bands and dos for u=8.15t and 4.0t  . System is a semi-metal. (e) bands and dos for u=10.0t and 

4.0t  . System is an insulator. 

The difference between the phase change trend in the multi-site beyond super cell approximation 

and single-site DMFT is in the phase transitions values of the critical repulsion interactions and 

disorder potential, where for fixed impurity potential ,  the critical repulsion interaction of multi-

site approximation is smaller than the single-site approximation, which indicates the importance 

of considering inter-site correlation. Finally, the phases transitions in the calculated realistic band 

structures more accurately observed. Our extracted phase diagram from calculated realistic band 

structure in the DMFT and Nc=4 beyond super cell illustrated in Figure 6. 

 

 

 

 

 

 

 

 

 



 

Figure 6 shows phase diagram of an interacting disorder square lattice at half band filling in the DMFT, 

Nc=1, and Nc=4  beyond super cell approximation. 

For interacting system without disorder potential ( 0.0  ) the Coulomb repulsion critical value 

for the Mott transition in Nc=4 beyond super cell approximation is smaller than DMFT value, 

that indicates the significance of the correlation effect. By turning Coulomb repulsion and 

increasing it band gap decreases and at a range of critical values a partial flat valance band and 

also a partially flatted conduction band appears. For Coulomb repulsion strength greater than uc1, 

u>uc1, the two bands merges to a single energy band, hence creating a metallic AF state.  The 

metallic state occurs in a region where the strength of the Coulomb interaction is large enough to 

overcome the disorder potential effects. This metallic state extended until uc2=13.99t   and 

uc2=8.15t for DMFT+CPA and 4 sites beyond super cell approximation respectively. These 

metallic state sandwiches between two insulators states, Anderson-Mott insulation u<uc1 and 

Mott-Anderson insulation u>uc2.   After that (u>uc2), bands more separates. 

 

Conclusion 

We obtained band structure and phase diagram of a square lattice with local electrons Coulomb 

repulsion plus alloy disorder in the DMFT and Nc=4 beyond super cell approximation. Our 

results show that direct local density of states obtained from calculated local Green function 

includes fake states that by increasing repulsion and disorder potential number of these fake 

states increases. This leads to incorrect energy bands and phase transition prediction. We 

implemented a recipe for eliminating fake states and obtaining real band structure. We observed 

that for a range of Coulomb repulsion u, we have a semi metal with partially valance and 

conduction flat bands with high density of states at fermi energy. This is a good candidate for 



explaining high critical temperature in the square two-dimensional high temperature 

superconductors or seeking possible room temperature superconductors. 

References 

1. Mott, N.F., The basis of the electron theory of metals, with special reference to the transition 

metals. Proceedings of the Physical Society. Section A, 1949. 62(7): p. 416. 
2. Lee, P.A. and T. Ramakrishnan, Disordered electronic systems. Reviews of modern physics, 

1985. 57(2): p. 287. 
3. Efros, A.L. and M. Pollak, Electron-electron interactions in disordered systems. 2012: Elsevier. 
4. Belitz, D. and T. Kirkpatrick, The anderson-mott transition. Reviews of modern physics, 1994. 

66(2): p. 261. 
5. Abrahams, E., S.V. Kravchenko, and M.P. Sarachik, Metallic behavior and related phenomena in 

two dimensions. Reviews of modern physics, 2001. 73(2): p. 251. 
6. Imada, M., A. Fujimori, and Y. Tokura, Metal-insulator transitions. Reviews of modern physics, 

1998. 70(4): p. 1039. 
7. Evers, F. and A.D. Mirlin, Anderson transitions. Reviews of Modern Physics, 2008. 80(4): p. 

1355. 
8. Lee, H., H.O. Jeschke, and R. Valentí, Competition between disorder and Coulomb interaction in 

a two-dimensional plaquette Hubbard model. Physical Review B, 2016. 93(22): p. 224203. 
9. Anderson, P.W., Absence of diffusion in certain random lattices. Physical review, 1958. 109(5): 

p. 1492. 
10. Altshuler, B.L., A.G. Aronov, and P. Lee, Interaction effects in disordered Fermi systems in two 

dimensions. Physical Review Letters, 1980. 44(19): p. 1288. 
11. Kramer, B. and A. MacKinnon, Localization: theory and experiment. Reports on Progress in 

Physics, 1993. 56(12): p. 1469. 
12. Slevin, K. and T. Ohtsuki, Corrections to scaling at the Anderson transition. Physical review 

letters, 1999. 82(2): p. 382. 
13. Ekuma, C., et al., Typical medium dynamical cluster approximation for the study of Anderson 

localization in three dimensions. Physical Review B, 2014. 89(8): p. 081107. 
14. Ekuma, C.E., et al., Effective cluster typical medium theory for the diagonal Anderson disorder 

model in one-and two-dimensions. Journal of Physics: Condensed Matter, 2014. 26(27): p. 
274209. 

15. Dobrosavljević, V. and G. Kotliar, Mean field theory of the Mott-Anderson transition. Physical 
review letters, 1997. 78(20): p. 3943. 

16. Byczuk, K., W. Hofstetter, and D. Vollhardt, Mott-Hubbard transition versus Anderson 

localization in correlated electron systems with disorder. Physical review letters, 2005. 94(5): p. 
056404. 

17. Byczuk, K., W. Hofstetter, and D. Vollhardt, Competition between Anderson localization and 

antiferromagnetism in correlated lattice fermion systems with disorder. Physical review letters, 
2009. 102(14): p. 146403. 

18. Heidarian, D. and N. Trivedi, Inhomogeneous metallic phase in a disordered Mott insulator in 

two dimensions. Physical review letters, 2004. 93(12): p. 126401. 
19. Shinaoka, H. and M. Imada, Soft Hubbard gaps in disordered itinerant models with short-range 

interaction. Physical Review Letters, 2009. 102(1): p. 016404. 
20. Chiesa, S., et al., Disorder-induced stabilization of the pseudogap in strongly correlated systems. 

Physical review letters, 2008. 101(8): p. 086401. 
21. Oliveira, W., M. Aguiar, and V. Dobrosavljević, Mott-Anderson transition in disordered charge-

transfer model: Insights from typical medium theory. Physical Review B, 2014. 89(16): p. 
165138. 



22. Dobrosavljević, V., A. Pastor, and B. Nikolić, Typical medium theory of Anderson localization: A 

local order parameter approach to strong-disorder effects. EPL (Europhysics Letters), 2003. 
62(1): p. 76. 

23. Pezzoli, M.E., et al., Local moments and magnetic order in the two-dimensional Anderson-Mott 

transition. Physical Review B, 2009. 79(3): p. 033111. 
24. Ekuma, C., et al., Finite-cluster typical medium theory for disordered electronic systems. Physical 

Review B, 2015. 92(1): p. 014209. 
25. Pezzoli, M.E. and F. Becca, Ground-state properties of the disordered Hubbard model in two 

dimensions. Physical Review B, 2010. 81(7): p. 075106. 
26. Shinaoka, H. and M. Imada, Single-particle excitations under coexisting electron correlation and 

disorder: A numerical study of the Anderson–Hubbard model. Journal of the Physical Society of 
Japan, 2009. 78(9): p. 094708. 

27. Kim, K., et al., Metal-insulator transition in a disordered and correlated Sr Ti 1− x Ru x O 3 
system: Changes in transport properties, optical spectra, and electronic structure. Physical 
Review B, 2005. 71(12): p. 125104. 

28. Maiti, K., R.S. Singh, and V. Medicherla, Evolution of a band insulating phase from a correlated 

metallic phase. Physical Review B, 2007. 76(16): p. 165128. 
29. Lahoud, E., et al., Emergence of a novel pseudogap metallic state in a disordered 2D Mott 

insulator. Physical Review Letters, 2014. 112(20): p. 206402. 
30. Chikara, S., et al., Sr 2 Ir 1− x Rh x O 4 (x< 0.5): An inhomogeneous j eff= 1 2 Hubbard system. 

Physical Review B, 2015. 92(8): p. 081114. 
31. Muthukumar, K., et al., Spontaneous dissociation of Co2 (CO) 8 and autocatalytic growth of Co 

on SiO2: A combined experimental and theoretical investigation. Beilstein journal of 
nanotechnology, 2012. 3(1): p. 546-555. 

32. Muthukumar, K., R. Valentí, and H.O. Jeschke, Simulation of structural and electronic properties 

of amorphous tungsten oxycarbides. New Journal of Physics, 2012. 14(11): p. 113028. 
33. Kravchenko, S., et al., Electric field scaling at a B= 0 metal-insulator transition in two 

dimensions. Physical review letters, 1996. 77(24): p. 4938. 
34. Lin, P.V. and D. Popović, Critical behavior of a strongly disordered 2D electron system: the 

cases of long-range and screened Coulomb interactions. Physical Review Letters, 2015. 114(16): 
p. 166401. 

35. Lewenstein, M., et al., Ultracold atomic gases in optical lattices: mimicking condensed matter 

physics and beyond. Advances in Physics, 2007. 56(2): p. 243-379. 
36. Fallani, L., et al., Ultracold atoms in a disordered crystal of light: Towards a Bose glass. 

Physical review letters, 2007. 98(13): p. 130404. 
37. Billy, J., et al., Direct observation of Anderson localization of matter waves in a controlled 

disorder. Nature, 2008. 453(7197): p. 891-894. 
38. Roati, G., et al., Anderson localization of a non-interacting Bose–Einstein condensate. Nature, 

2008. 453(7197): p. 895-898. 
39. White, M., et al., Strongly interacting bosons in a disordered optical lattice. Physical Review 

Letters, 2009. 102(5): p. 055301. 
40. Kancharla, S.S. and E. Dagotto, Correlated insulated phase suggests bond order between band 

and Mott insulators in two dimensions. Physical review letters, 2007. 98(1): p. 016402. 
41. Paris, N., et al., Quantum Monte Carlo study of an interaction-driven band-insulator–to–metal 

transition. Physical review letters, 2007. 98(4): p. 046403. 
42. Go, A. and G.S. Jeon, Phase transitions and spectral properties of the ionic Hubbard model in 

one dimension. Physical Review B, 2011. 84(19): p. 195102. 
43. Tugushev, V., S. Caprara, and M. Avignon, Spin-density-wave transition in systems with 

chemical dimerization. Physical Review B, 1996. 54(8): p. 5466. 
44. Moradian, R. and P. Rabibeigi, How electrons Coulomb repulsion changes graphene band 

structure. Scientific Reports, 2022. 12(1): p. 1-12. 



45. Georges, A., et al., Dynamical mean-field theory of strongly correlated fermion systems and the 

limit of infinite dimensions. Reviews of Modern Physics, 1996. 68(1): p. 13. 
46. Hettler, M., et al., Nonlocal dynamical correlations of strongly interacting electron systems. 

Physical Review B, 1998. 58(12): p. R7475. 
47. Hettler, M., et al., Dynamical cluster approximation: Nonlocal dynamics of correlated electron 

systems. Physical Review B, 2000. 61(19): p. 12739. 
48. Jarrell, M. and H. Krishnamurthy, Systematic and causal corrections to the coherent potential 

approximation. Physical Review B, 2001. 63(12): p. 125102. 
49. Jarrell, M., et al., Quantum Monte Carlo algorithm for nonlocal corrections to the dynamical 

mean-field approximation. Physical Review B, 2001. 64(19): p. 195130. 

 

 

 


