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�Cr < �V < �TiDoping or external pressure distorts latti
e �! 
hanges V-Voverlap (e�e
tive bandwidth) �! drives metal-insulator tran-sition (MIT) between paramagneti
 metal and paramagneti
insulator without long-range order.Drasti
ally simpli�ed model (no band degenera
y, no latti
edegrees of freedom): half-�lled one-band Hubbard model
Ĥ = �t Xhiji�

�
̂yi�
̂j� + 
̂yj�
̂
�� + UXi n̂i"n̂i#
� in unfrustrated model: no MIT,but 
rossover (AF at low T )�AF frustrated in many materials� nonperturbative approa
h needed� thermodynami
 limit important 0
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Aim: full phase diagram for� 1-band Hubbard model at half �lling�Dynami
al Mean-Field Theory (DMFT)� no AF order (full frustration)� semiellipti
 Bethe DOS (W =4)Question: 
oexisten
e / order of transition?

Self-
onsistent solution of DMFT equations
Gn = Z d� �0(�)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:� dis
retization �� of imaginary time�Hubbard-Stratonovi
h trafo�MC sampling over auxiliary Ising �eld
abstra
t view: solution of �xed point problem by iterationstability of �xed point depends on iteration s
heme useds
heme: given the existen
eof 2 �xed points an iterativepro
edure 
an have non-zero radii of 
onvergen
e forboth points (a and b), onepoint (
), or no �xed point(d).
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Conne
tion between physi
al and numeri
al stability?Yes: at least for dire
t iteration s
heme!

Results: 
rossover and 
oexisten
e regions
double o

upan
y D, energy per latti
e site E = Ekin + UD
Ekin = lim�!0+2T 1Xn=�1

1Z
�1 d� ei!n� ��(�) � 1i!n � �� �(i!n)

= 2 1Z
�1 d� ��(�)e�� + 1
+2T L=2Xn=�L=2+1

1Z
�1 d� ��(�) �G�(i!n)�G0�(i!n)�

� = 10: smooth 
rossover from metal to insulator
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� = 15: sharp transition from metal to insulator, no hysteresis
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� = 32: 
oexisten
e of metalli
 and insulating solutions
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� signi�
ant shift of U
 with �� ! 0� double o

upan
y D: 
urvature, irregular �� dependen
e� energy E: almost (pie
ewise) linear in U , quadrati
 in ��� no signi�
ant T dependen
e of D, E in insulator

Comparing free energies
F (U; T ) 
annot be dire
tly 
omputed from QMC, NRGbut di�erential known:

d(�Fm=i(�; U)) = Em=i(�; U)d� + �Dm=i(�; U)dU
Naive solution: F (�; U) = F (�0; U0)+ �;UZ

�0;U0 d(�0Fm=i(�0; U 0))
Problems: Fm=i(�0; U0) must be known; di�erent paths of in-tegration introdu
e di�erent systemati
 errors (for m=i)lo
al 
riterion at transition line (�F := Fm � Fi):�F (�; U)jU=U
(�) = 0; d(��F (�; U))jU=U
(�) = 0
dU
(T )dT = f(T; U
(T ))

:= �E(T; U)T�D(T; U)
�����U=U
(T ) :U
(T �) = U �, integrateClausius-Clapeyron equation, 0
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U
(T ) = U � + TZ
T � dT 0f(T 0; U
(T 0)); T < T �:

f(T; U) � ~f (T )(A +BU) �t parameters A, B
supplement QMC results with low-T information:entropy of insulator (almost) independent of U

Ei(U; T ) = E0i (U); Si(U; T ) = S0 :Fermi liquid properties in metal
Em(U; T ) = E0m(U) + 12
(U)T 2; Si(U; T ) = 
(U)T

T = 0 numeri
s [2,3℄ (U 0
 := U
(T = 0) = U
2(T = 0)):
E0i (U)�E0m(U) = a2(U � U 0
 )2; 
(U) = 
0U 0
 � U :Equate free energies to obtain the low-temperature solution,

U
(T ) = U 0
 �s2SoTa +O(T )
�! ~f(T ) = CT�1=2 +D + ET 1=2; C � �qSo=2aGround state properties:E,D known for insulator�t based on 2nd OPTfor metal ! �E = 0,�D = 0 at U
 � 5:85agrees well with QMCbetter estimate for athan from PSCT [2℄
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� results from fundamentally di�erent methods now 
on-verged towards a reliable phase diagram� 
oexisten
e region at low T ! �rst order transition� �rst 
ontrolled 
omputation of U
(T )
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