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Corundum structure:

e hcp O lattice
e V> fill 2/3 of octahedral vacancies

doping with Ti, Cr:

e (nearly) isovalent
e distorts lattice — changes overlap - N N 3

e drives MIT (like pressure) Corundum structure

Paramagnetic, bandwidth-controlled \
metal-insulator transition in V503 \O‘/ .
vV 3+

—— simple single-band model? v

ooy < ay < OTi
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Hubbard model ﬁvtﬁ’t = Ai
v

I:[ — Z tij(é;-[aéja—l— h.C.) + U Z ?A?,,'Tﬁ@'l

(7:7‘7‘)’0'

Minimal model for correlated electrons

MIT /crossover at U/W = 1 (and half filling)
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Hubbard model ety ) %
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o A(‘% metal insulator ) |
2 AT A A oA /
H = E tij(cjacja—l— h.c.)4+ U E i1 T | - ~
(i,j),O’ ¢ (O] ;’) |
antiferromagnet
A®) Ao)
Minimal model for correlated electrons
MIT /crossover at U/W = 1 (and half filling) | | ° , , o
0 0.5 1.5 2 2.5
But: generically antiferromagnetism at low T U/w
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] W | | L |
Hubbard model B e Z
J Vool ' Z
. 4 o al Aw) metal Z nsulator A} |
H = Z tij(cwcja—l— h.c.)4+ U Z i1 T | ~
(i,7),0 i > ®
antiferromagnet
i A(o) A(o) 1
Minimal model for correlated electrons _ |
MIT /crossover at U/W = 1 (and half filling) | | o , , o
0 0.5 1 1.5 2 25
But: generically antiferromagnetism at low T U/w

Dynamical Mean-field Theory (DMFT)

2 9?2 , G(1) = — (Y7 )g(r N .
‘\x/'l Mapping of lattice problem onto FOL#I’IeI’
K impurity model (SIAM) plus trafo

. . P g G
.5/ \Z self-consistency condition T — iy l
. . — +
omer  exact for coordination Z — oo n n n
v G T noy,

7 scaling of hopping t o< 1//Z
% L G (iwn) = [de pLe) J
self-energy > (w) local n iwn—e— 3 (iwy) -

Local properties depend on lattice only via DOS p(€) in paramagnetic phase
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Controversy: phase diagram for fully frustrated “Bethe
phc 02 L _.
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U
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Controversy: phase diagram for fully frustrated “Bethe” lattice

I I ___I___ I I
0.3 |
e 021 '. . . Convenient choice: semi-elliptic DOS
0.1 - _
o Li 1 1 1 i full frustration

Status as of 1999: coexistence? ' T I ! I ' | - |

QMC: Rozenberg etal. (1994) A
dF %: -
e IPT, ED: yes! 0 : IPT: Georges etal. (1995) -----
e RDA: no! (much lower U,) [ o N e '
. 008 L : 1. QMG: Schlipf et al. (1998/99)
. | | 9‘6 , )
* QMC (SChllpf et al')' ne: D ',' QMC Rozenberg etal. (1999) A
e QMC (Rozenberg et al.): yes! i ‘ : 1
0.06 _
T :
- insulator -
e Who is right / What went 0.04 7
wrong? - metal 1
e Precise coexistence phase 0.02 - -
diagram? I RDA PSCM/ED |
e Thermodynamic first order 00/ , . Ty
phase transition line? 4 4.5 6 6.5
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Quantum Monte Carlo Algorithm

Trotter-Suzuki decomposition e PATE) _ (e_ATAe_ATB)A + O(AT); A = B/AT

Hubbard-Stratonovich transformation, Wick’'s theorem:

sty —1 s s
. Sy (M) det M$ ' det Mj }
oll!l — )
> (s det M det M i

ML, = (AT (G, ) 7 + 8 (1 — %)

oll!

Monte-Carlo importance sampling of {s}, unknown prefactor in Z cancels

-+t
—++++++
+—+++++
——+++++
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Quantum Monte Carlo Algorithm

Trotter-Suzuki decomposition e PATE) _ (e_ATAe_ATB)A + O(AT); A = B/AT

Hubbard-Stratonovich transformation, Wick’'s theorem:
spy 1 {s} {s}
Z{S}(Mf, ),y det M1*' det M|

Y

{s} {s} i
Z{S} det MT det Ml |
Msl o (AT)2 (g;l)ll/ eAJSl/ —|— 5”/ (1 - €>\0'3l)

oll!

Goll’ —

Monte-Carlo importance sampling of {s}, unknown prefactor in Z cancels

Fourier transformations {G(Tl)}?zo — G(iwy)

-+t
—++++++
+—+++++
——+++++

0.6 U=4.0 ——
' U=5.0
0.4 -1/, -

0.2

0

Im G(iw,)
Im G(iw,)

-0.2
-0.4
-0.6

At=0.0

-0.8

5 10 15 20

naive discrete Fourier trafo + correction
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Results of FT G(7) — G(iw,,) (plus inverted Dyson eq.)
Krauth: spline of G(7), analytic FT

8 Ithis work —— |

Jarrell: spline of G(7) — Go(7) Ulmke -
6 Jarrell - 7
different approach: Ulmke smoothing _ 4 N
A1 % 2 20 o [ |
~ —  wonT E L 2015105 0 5 10152 / |

G(iw,) = AT Z e "L G(T) 5 o
1=0 2 .
AT _

G(an) = — -4 U=492 4
In(1 4+ A7/G(iwy)) 6L T=0.031 |
large A7 dependence at small w 0 é 1'0 1'5 20

Frequency dependent smoothing correction: AT — (1 — (w, AT/ — 1)8) AT
changes G (iwy,) only for w, = wWnyquist = 7/AT

correct for small w already at finite A7
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Quantitative comparison of Fourier
transformation schemes:
self-energy (T" = 0.1, U = 5.0)

a) “Ulmke Smoothing",
b) improved “Smoothing”,
c) spline plus analytic
high frequency corrections

Stronger effects at lower T

Low-frequency part of X(w)
well captured in b) und ¢

Im >(iw,)

-2 T E
-3 74
g4 3- 3 .
£ E - i
= 5 = E _
5 i
s+ . st 44 sH 1]
-7 : -
oo AT=0.125 - AT=0.125 25 30
-8 —— A1=0.1 —— AT=0.1 _
1 1 1
0 5 10 10 30
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Construction of the Coexistence Phase Diagram

Observables a) £ c) 01 s e e R
0.05 T T=0.067 o
a) double occupancy R R
R 011 F eim e )
D . ~ D 0.04 ,"&-“E““ 5
— Mi1 TV Rag -
< i) ZT> ".:E:@.‘@'
0.03 012 L ‘
b) quasiparticle weight py
0.02 : e e
1 dRe 3 (w) b) 013 %
Zz = 1- 0.15 % il .
dw RS &
Im X2 (e’ 014 At=0.0 - ®--
~ 1-— (i) z 01 A1=0.10 -
™ A1=0.15 :-©--
0.05
-0.15 -
c) energy At=0.25 +—+—
0 1 1 1 1 1
4.4 45 46 4.7 48 49 5 4.4 45 46 4.7 48 49 5
E =UD + Ej,
U U
O 00 o0
0 . 0/. 0
Ein = EO + /de ep(€) 2T S (Geliwn) — GOliwn));  ED, =2 /de e p(e) /(" + 1)
— 60 n=-—oo —00

energy: ideal observable for localizing MIT: e regular (quadratic) AT dependence within each phase
® nearly zero curvature within each phase
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In insulating phase: E(U,T) = E(U), D(U,T) = D(U)

-0.08 I | | | | | T=0.100
T=0.050
-0.09 =1 T=0.040
T=0.025
U=6.0 | T=0.020
E U=5.8
U=5.5
-0.11 .
* U=h.2
% U=5.0
0.12 < U=4.9
U=4.8
| | | | | L U=4.7

0 0.01 0.02 003 0.04 0.05 0.06
ATZ

very precise extrapolations A7 — O for energy F

no significant A7 error for double occupancy D (not shown)

O
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4.8 5 5.2 5.4 5.6 5.8
U

Consistent fits for ground state properties (at AT = 0)

0.515 0.0027

E(U) = ——= — 0.0071 4 0.00325 — 0.00025 U?

U U —3.95

D(U) = 0'515+ 0.0027 + 0.00325 — 0.0005 U
| U2 (U —3.95)2 '

(4.7 < U < 6.0)
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Coexistence region: energy F in insulating and metallic phases

'01 T T T T T - --I-“.ull"""'
-0.11
E
012
' — L
01 broad coexistence at T' = 55
energy linear (in U) in metallic
-0.11 ohase
0.12 [.¢ metallic phase almost stable
E up to U.op, where extrapolated

-0.13 |. energy matches E;(U)

-0.14

-0.15

Nils Blimer - Johannes-Gutenberg-Universitait Mainz - May 26, 2003 4 — A D> 11



Energy, extrapolated to A7 = 0

-0.1

-0.11

-0.12 s insulator
E ~® - metal: T=0.067 —+—
013 o metal: T=0.050 --G-- _
e T metal: T=0.040 ---E3--
O e T metal: T=0.031 &
0.14 F Hro ]

metal: T=0.020 --- - --
’ metal (QMC, T->0 + fit) -
| . l

-0.15

4.4 4.6 4.8 5
U
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Final coexistence phase diagram

01 | + | |

0.08

crossover region

critical end point

0.06 —
T _ \/ _
0.04 |- | _
metal . insulator
- coexistence 1
0.02 | region i
: U Uez2 Ucop-
0 | | | | | | | | |
4.4 4.5 4.6 4.7 4.8 4.9 3 5.1 5.2
U
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Final coexistence phase diagram

0.1

0.08

crossover region

| |
this work (A1=0.0) X
Rozenberg etal.,, 1999 A

critical end point

0.06 o _
T N A |
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U
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Final coexistence phase diagram

0.1

crossover region

| | |
this work (At=0.0) X
Rozenberg etal.,, 1999 A

Joo et al., 2001 —8H

0.08 _
critical end point _
T A A ]
0.04 | \g’ - syl -
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U
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Final coexistence phase diagram

0.1 I I I I

crossover region

|
this work (At=0.0) X
Rozenberg et al., 1999

A
Joo et al., 2001 —8H

0.08 _
critical end point _
T i ><\A AAL -
0.04 _ _
_ metal I—EI—IEZI:F == insulator |

0.02 |- " = ! & =
i Uc1 Uc2 .

0 I I I I I I I I I

4.4 4.5 4.6 4.7 4.8 4.9 5 5.1 5.2

U

extrapolation A7 — 0 is quantitatively important
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Thermodynamic first-order phase transition line U¢(7T)

Differential equation for U.(T)
MIT line determined by free energy F',

F=E-TS: dF=-SdT + DdU.

Problem: free energy F' and entropy S cannot be computed within QMC (prefactor in Z)
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Thermodynamic first-order phase transition line U¢(7T)

Differential equation for U.(T)
MIT line determined by free energy F',

F=E-TS: dF=-SdT + DdU.

Problem: free energy F' and entropy S cannot be computed within QMC (prefactor in Z)

Using

OB F OF
Pl = F-TZ| =F4+TS=E
a8 |, T |,;

write differential for metal /insulator

d(ﬁAF(ﬁ, U)) = 0 on smooth first-order MIT line (denoting AF = F,, — F; etc.)

dU(T)
dT

AE(T,U)

= f(T,U(T)); f(T,U) := TAD(T,U)
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Extrapolation A7 — 0 for double

occupancy D

0.07

006 -

|
A1=0.25 ——+—

A1=0.15 :--©--
At=0.10 B
A1=0.0 :--@--i

0.05
D fits use extrapolations
0.04 for energy (~ Ucan)
0.03 ‘
___ﬁ“_ _-@ \\\
s N . i
0.02 | | | |l | | P
4.5 4.6 4.7 4.8 4.9 S 5.1 5.2
U
A ar [Uan(T, A1) — U]
Dm(T, U, AT) = Dz(U) —|— :
1+ BT,AT[UCQb(T7 AT) — U]
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Double occupancy, extrapolated to A7 = 0

0.07 T T T T T T
\ metal: T=0.0 (fit) --------
metal: T=0.020 -------- 1
0.06 = \ metal: T=0.031 -eeeees —
S metal: T=0.040 -------
el B r .
= R e metal: T=0.067
0.05 - ............ iINSUlator —

0.04

0.03

0.02
4.5

AE(T,U) |
= f(T,U) = known on grid

T AD(T,U)
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2 g5 b 4 linearization 2.as| - T o o _

20 b . | in U ol s _ |

0.06 F .

0.05 -

f(T,U) = A(T) + 43U -
0.04 |- -

—— gradient field T 1

0.03 |- _

stable integration of U.(T) '

for T' 2> 0.02 0.02 _

0.01 -
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T 0.06 |- | l t -
- Insulator
Low-temperature asymptotics of U (7T 0.04 | -
U? = Uo(T=0) = 5.85+0.1 (PSCT, ED, NRG) | M 1
| RDA PSCM/ED
OC)J | | Treade.
4 4.5 6 6.5

Fermi liquid theory:  E,,(T,U) = E, (U) + 3v(U)T?* S, (T,U) = ~(U)T
E(T,U) = E}(U); Si(T,U) = S,

PSCT: ENU) — E°(U) = (U —U%2, ~(U) = —1° _
(U) — B, (U) = ( O U) =g

C

1
Equate free energies: 0= AF(T,U,) =~ %(U — U + EW(U)T2 — TSy

25, T

70 3/2
T+ O(T
+ 15, + O( )

dUC T SO SO —
Consequently: df; ) = —1/ ST + O(1), A(T) = —\/Q—T 12y O(T")
a a

But: no reliable (PSCT) estimate for D, (U) and a = A(dD/dU)

for low-T" solution U(T) = UCO —
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Second order perturbation theory and beyond

-0.08

-0.09
-0.1

011 F )
012 | e -

-0.13 x insulator (QMC) +——+— |
014 metal (QMC, T->0 + fit) --x--:

' metal (20PT) - ----
-0.15

L T I T I T I T I T I T I T I T I
0.07 =X _|

006 F X -
0.05 |- -
0.04 - -
0.03 |
0.02 |

0.01 |- -
o L \ | \ | \ | \ | \ | \ | \ | R

a=0.0207 = A(T)=—-41T"*+ 01"
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Second order perturbation theory and beyond

-0.08

0.09 |
01|
011 | _
012 | RS

insulator (QMC) ——+—
metal (QMC, T->0 + fit) :--3--
metal (20PT) --------

013 | X
014 F /
-0.15

L T I T I T I T I T I T I T I T I
0.07 Fx-.._

007 | x
0.05 1=
0.04 -
0.03 -
0.02 -
0.01 -

o L \ | \ | \ | \ | \ | \ | \ | R

ar~0027 = AT)=—-41T"*+0(1T"

Extrapolation of QMC

-0.1

-0.11

-0.12

-0.13

-0.14

-0.15

data E(U,T)

0

0.002

0.004 0.006
T2

~ E(U, T=0), v(U)

0.008 0.01
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0.25 T T T T I T T T T I T T T T I
J
0.2
VA
0.15
. z
good consistency v <« Z
0.1
O QMC: 21(3y) i
0.05 NRG
O ED .
< 21U U) 1 (3Ye) | o]
0 1 1 1 1 1 1 1 1 1 1 1 1 1 : L[]
4 4.5 5 55 6
U
200 [ [ [ [ [ [
-220 differential equation fully determined:
240 dU(T)
-260 ar— = J(T,U(T))
A(T)
280 f(T,U) = A(T) + 43U
-300
—1/2 1/2
320 A(T) = —4.1T 4/ + A1 + (A,T)Y
0 002 004 006
-340 T . + (AST)
| | | | | |
0 001 002 003 004 005 006 007

Nils Blimer - Johannes-Gutenberg-Universitait Mainz - May 26, 2003 q — AN > 20



Full MIT phase diagram

| ' | ' | ' | ' | ' | ' | ' |
0.1 F+ _
Crossover region
0.08 B
critical end point
0.06 |- _— 7
T 5 N coexistence
\ region
0.04 _ _
metal , insulator
0.02 |- Ue U > g ez ]
o L | | | | R meaaae u
4.4 4.6 4.8 ) 2.2 5.4 5.6 5.8
U
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Comparison with literature

. I .
crossover regions QMC: this work —<-

QMC: Joo et al. —H=H

0.1 ¥

0.08 |- _
IPT: Georges etal. ——

. 008 iInsulator -
0.04 _
Q
0 | I | T heanns -
45 5 5.5 PSCT/ED 6
U
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Transformation technique [Tong et al., PRB 64, 235109 (2001)]

< T T T T T T
0.06 e X QMCHit (metal); T=0.0 ---- ----
' e Tong: T=0.01 —&—
Q ~
RN Tong: T=0.03 ---e-- . . .
0.05 Y. OMC: T=0.031 --©-- o U »U=U—-cG(r=p3/2)
A Tong: T=0.05 ---v- : ~
N @\'l\q OMC: T=0.05 - ~~ continuous curve D(U)
D004 15 Vv Tong: T=0.08 M- |
SR MC (insulator
QMC ) back trafo ~~ s-shaped curves
0.03
o | .'..'..'..'..-:.:.:..'.‘::.-..:.:..-..-_,-. ...... | Maxwell construction ~~ UC
! ! ! ! ! ! = —sv
4.6 4.8 5 5.2 54 5.6 5.8 6
U
. . 0.07 I I I T I T I T I T I T I
scheme is approximate: g VR ED e
0.06 QMC (old) e 17
2 QMC —¢— h
U _9 ~ 0.05 |- 1-
S(U,w) = —+0w ) £50,w) T N T | T\
dw T e 17
T ........ N
~» wrong second derivative of G (1) 0.03 | ® s
0.02 - 4 ]
still: very good agreement for U (T) bor | PO
I o T
0 | | L | | | | L | | |
46 47 48 49 5 51 52 53 54 55
u
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Conclusion

Inaccuracy of Schlipf et al.’s results traced back to non-optimal Fourier transformation scheme

(larger AT error in insulator)
Improved FT algorithm as accurate (at small/moderate w) as good spline algorithms
Very precise determination of coexistence phase diagram

First controlled determination of thermodynamic first-order MIT line

differential equation for U.(T")

ground state properties E(U), D(U) in insulating phase

inclusion of Fermi liquid properties

fit guided by second-order PT and PSCT/ED/NRG result at 7' = 0
numerous checks of consistency

Critical behavior barely observable within QMC (difficult even within IPT)

Remaining mystery: RDA results
Advanced spline FT scheme with analytic high-energy corrections (Knecht/Blimer)

Direct computations of free energy differences from Ginzburg-Landau functional
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Critical behavior: Landau theory [Kotliar et al., PRL 84, 5180 (2000)]

005§ R T | T | T | T | T
QMC -O- 1
IPT X ]
. LG-IPT — |
0045 F S— U3 fit to GL - _
L 6 >|< | -
0 004fF “[ x -
L 'g 2 | .
I §: 0 l
| D i i
0035 F 22 [ ]
i a4 k- i
i 2.32 2.34 2.36 2.38 2.4 ]

U

003 1 | 1 | 1 | 1 | 1

2.3 2.32 2.34 2.36 2.38 2.4
U
Asymptotic exponent of IPT is 1/2, not 1/3!
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