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half-�lled one-band Hubbard modelĤ = �tXhiji� �ĉyi�ĉj� + ĉyj�ĉc��+ UXi n̂i"n̂i#
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� here: no MIT, but crossover� antiferromagnetism is understoodat weak and strong coupling� AF frustrated in many materials� nonperturbative approach needed� thermodynamic limit important
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Aim: full phase diagram for� 1-band Hubbard model at half �lling� Dynamical Mean-Field Theory (DMFT)� no AF order (full frustration)� semielliptic Bethe DOS (W =4)



Self-consistent solution of DMFT equations
Gn = Z d� �(�)i!n � �� �nGn = � <	n	n�>GnG�1n = G�1n + �n

G

Dyson’s equation

impurity problem
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QMC solution of impurity problem:� discretization �� of imaginary time� Hubbard-Stratonovich trafo� MC sampling over auxiliary Ising �eld
abstract view: solution of �xed point problem by iterationiteration scheme not determined by lattice probleminstability of �xed point cannot be proven within iteration schemebut: seems to work in practice!
scheme:convergence in2-�xpointproblem(2-dimensionalexample) ����������
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Results: crossover and coexistence regionsdouble occupancy D, total energy per lattice site E = Ekin + UDD = 1� Z �0 d� (1 +G(�))2Ekin = lim�!0+2T 1Xn=�1 Z 1�1d� ei!n� ��(�) � 1i!n � �� �(i!n)= 2 Z 1�1 d� ��(�)e�� + 1+2T L=2Xn=�L=2+1 Z 1�1d� ��(�)�G�(i!n)�G0�(i!n)�
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� = 10: smooth crossover from metal to insulator
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�� dependence: large at MIT , small below, vanishing aboverelatively strong curvature
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� = 15: sharp transition from metal to insulator, no hysteresis
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� = 32: coexistence of metallic and insulating solutions
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D and E versus temperature (plus extrapolation T ! 0)

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

0.07

4.3 4.4 4.5 4.6 4.7 4.8 4.9 5 5.1 5.2

d

U

β=15
β=20
β=25
β=32
β=40
β=50

-0.15

-0.14

-0.13

-0.12

-0.11

-0.1

4.4 4.6 4.8 5 5.2

E

U

β=15
β=20
β=25
β=32
β=40
β=50

no (signi�cant) T -dependence of D, E in insulating phase



Phase diagram: coexistence region
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Comparing free energiesF (U; T ) cannot be directly computed from QMC, NRGbut di�erential known:d(�Fm=i(�; U)) = Em=i(�; U)d� + �Dm=i(�; U)dUNaive solution: F (�; U) = F (�0; U0) + Z �;U�0;U0 d(�0Fm=i(�0; U 0))Problem: Fm=i(�0; U0) must be known1st improvement: compute �F (�; U) := Fm(�; U)� Fi(�; U)�F (�; U) = Z �;U�0;U0 d(�0Fm=i(�0; U 0))Problem: di�erent paths of integration introduce di�erent systematicerrors for metal and insulator



local criterion:d(��F (�; U)) = �E(�; U)d� + ��D(�; U)dUat (smooth) transition line:�F (�; U)jU=Uc(�) = 0; d(��F (�; U))jU=Uc(�) = 0�! Clausius-Clapeyron equation:dUc(T )dT = f(T; Uc(T ))f(T; U) := �E(T; U)T�D(T; U)����U=Uc(T ) :Since Uc(T �) = U�, we can integrate for the solution,Uc(T ) = U� + Z TT� dT 0f(T 0; Uc(T 0)); T < T �:
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note: f(T; U) can be linearized in Uf(T; U) � ~f (T )(A + BU); �t parameters A;B
supplement QMC results with low-T information:entropy of insulator (almost) independent of UEi(U; T ) = E0i (U); Si(U; T ) = S0 : (1)Fermi liquid properties in metalEm(U; T ) = E0m(U) + 12
(U)T 2; Si(U; T ) = 
(U)T (2)zero-temperature information (U0c := Uc(T = 0) = Uc2(T = 0))E0i (U) � E0m(U) = a2(U � U0c )2; 
(U) = 
0U0c � U : (3)Equate free energies,0 = �F (Uc; T ) = a2(U � U0c )2 + 12
(U)T 2 � TS0; (4)to obtain the low-temperature solution,Uc(T ) = U0c �r2SoTa +O(T ) (5)
�! �tting Ansatz~f(T ) = CT�1=2 +D + ET 1=2; C � �rSo2a



determination of T = 0 parameters from second order PT + QMC
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Status of phase diagram in spring 1999
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Georges et al. (1996)Rozenberg, Kotliar, and Zhang (1994)Noack and Gebhard (1999)Georges et al (1996); HofstetterSchlipf et al (1999)



Status of phase diagram in spring 2000
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Full phase diagram: Comparison
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Conclusions� results from fundamentally di�erent methods nowconverged towards a reliable phase diagram� coexistence region at low T! �rst order transition� �rst controlled computation of Uc(T )
Work supported by DFG through SFB484


