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Defining the Theory Problem
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Ground state energies, Magnetic and spin orders and
correlations. Magnetization measurements: SQUID
Superconducting orders and gaps. Superconducting gaps:
Andreev spectroscopy
A(k , ω). ARPES measurements
N(r , ω). STM measurements
S(k , ω). neutron scattering measurements
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The Exponential Problem in Second Quantization
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Example: 6 sites, 2 electrons leads to C6
2 = 15 states
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What does exponential mean?

Assume Nf “flavors” or orbitals (including spin), N sites
Assume no symmetries (won’t change the argument much)
Then complexity is 2N×Nf .
Assume a more or less realistic problem: Nf = 10, N = 10
Exact diagonalization would take ≈ 106 billion years to
complete
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Quantum Monte Carlo

Calculates observables exactly (error can be made
arbitrary)
Has a complexity that scales with N4

Does previous problem in 6 months to 1 year
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Electronic Inhomogeneities in Cuprates

Spin and charge stripes (Tranquada et al., ’95; Mook et al.,
’00)

!"##"$% #& '(#)$"

!"#$%& ' ()* +,- ' .+ /"!$"%0 .11. ' 22234567893:;< *+,

7489=569> >?@;8>98,AB,CD..3 E4 54F ;G 6H9@9 :5@9@D 6H9 H;=9@ 2;7=>
89>?@68?I769 6H9<@9=J9@ 6; <?4?<?K9 6H9?8 6;65= 9498LF ?4 6H9
>?@;8>989> M;6946?5= =54>@:5M93 "6 =;2 H;=9 >94@?6?9@D @;<9 89L?;4@
2;7=> 6H989G;89 89<5?4 >;M9> 2H?=9 ;6H98@ 2;7=> I9 89=56?J9=F
74>;M9>3 #H7@D 62; 6FM9@ ;G 9=9:68;4?: ;8>98N@7M98:;4>7:6?4L
54> 4;4O@7M98:;4>7:6?4L 89@M9:6?J9=FN2;7=> :;9P?@6 ?4 >?GG98946
454;@:5=9 89L?;4@ ;G 6H9 @5<9 :8F@65=,AB,Q3 EG /;@9MH@;4 67449==?4L
2989 6; :;7M=9 6H9 @7M98:;4>7:6?4L >;<5?4@D 6H9 :8F@65= 2;7=>
9PH?I?6 L8547=58 @7M98:;4>7:6?J?6F,RD.R3
#H9@9 M89>?:6?;4@ :54 I9 9PM=;89> IF S#TD 5@ ?6 :54 5::9@@ 895=O

@M5:9 9=9:68;4?: @687:6789 2?6H 56;<?: 89@;=76?;43 U989 29 89M;86
H?LHO89@;=76?;4 S#T @67>?9@ ;G 74>98>;M9> V?O..,.3 #H9 @5<M=9@
589 @?4L=9 :8F@65=@ L8;24 IF 6H9 W;56?4L K;49 <96H;>3 #H9 X5@O

L8;24Y @5<M=9@ H5J9 5 H;=9O>;M546 =9J9= !! 1!,C! 1!1. 2H?=9 6H9
74>98>;M9> @5<M=9@ 589 ;PFL94O>9M=969> 2?6H 5 @7M98:;4>7:6?4L
6854@?6?;4 69<M9856789 ": ;G ZQ [ 54> !! 1!,+! 1!1.3 #H9F 589
:=95J9> ?4 :8F;L94?: 7=685H?LH J5:77< 56 " " R1[ 54>D 2H94
?4@9869> ?46; 6H9 S#T H95>D @H;2 56;<?: 89@;=76?;4 ;4 6H9 V?)
@78G5:9 M=5493 )78 M8?<58F >565 @96@ :;4@?@6 ;G >?GG98946?5= 67449=O
=?4L :;4>7:654:9 @M9:685 \>#]>$ J98@7@ $^ <95@789> 56 5== =;:56?;4@
?4 5 L?J94 _9=> ;G J?923 #H9@9 X@M9:685= @78J9F@Y 589 9@@946?5==F
>965?=9> @M56?5= <5M@ ;G 6H9 =;:5= >94@?6F ;G 9=9:68;4?: @6569@
\*`)S^ 5@ 5 G74:6?;4 ;G 9498LF %D I9:57@9 *`)S!%" # >#">$!$"
2H989 $ ?@ 6H9 @5<M=9 I?5@D & ?@ 6H9 9=9:68;4 :H58L9D 54> % a &$3
SM9:685= @78J9F@ :54 I9 545=F@9> 6; F?9=><5M@ ;G 6H9 9498LF L5M 5@

5 G74:6?;4 ;G =;:56?;4 \XL5M <5M@Y^ IF >9_4?4L ! G;8 95:H >#]>$
@M9:687< 5@b

!!
!# $ !

.
!,"

U989 !#!$" ?@ 6H9 9498LF ;G 6H9 _8@6 M95c 5I;J9 \I9=;2^ 6H9 d98<?
=9J9=3 e95c@ G8;< @:56698?4L 89@;454:9@ 589 >?@89L58>9>D 54> ! >;9@
4;6 49:9@@58?=F 89M89@946 5 @7M98:;4>7:6?4L 9498LF L5M3
E4 d?L3 , 29 @H;2 L5M <5M@ 9P685:69> G8;< 62; @7:H @M9:685=

@78J9F@D 95:H <95@789> ;4 54 5895 ;G -A1 f"% -A1 f"3 #H9F 7@9 54
?>946?:5= :;=;78 @:5=93 d?L789 ,5 ?@ 6FM?:5= ;G L5M <5M@ ;4 74>98O
>;M9> V?O..,.D 2H?=9 d?L3 ,I ?@ 6FM?:5= ;G 6H9 @=?LH6=F ;J98>;M9> X5@O
L8;24Y @5<M=9@3 #H9F 589 J98F >?GG98946 ?4 5MM95854:93 #H9 5@O
L8;24 L5M<5M ?@ >;<?4569> IF =58L9 ?4698:;449:69> 5895@ ;G =;2!
\89> 54> F9==;2^D ?4698@M98@9> 2?6H _=5<94658F H?LHO! 5895@ \I=79
54> I=5:c^3 #H?@ ?@ ?4 :;4685@6 6; 6H9 74>98>;M9> @5<M=9 ?4 d?L3 ,5 ?4
2H?:H 6H9 :;<M5:6D @M56?5==F >?@6?4:6D =;2O! 89L?;4@ \89> 54>
F9==;2^ 589 @788;74>9> IF ?4698:;449:69> H?LHO! 89L?;4@ \I=79
54> I=5:c^3 d;8 6H9 5@OL8;24 @5<M=9 @H;24D 6H9 <954 L5M J5=79 ?@
!g $ R-!A<9(2?6H 5 @654>58> >9J?56?;4 ! $ Z!Z<9(D 2H?=9 G;8 6H9
74>98>;M9> @5<M=9 @H;24 !g $ -1<9( 54> ! $ C!A<9(3 h989
6H9@9 L5M <5M@ 6H9 ;4=F ?4G;8<56?;4 5J5?=5I=9D ;49 <?LH6 @7@M9:6
6H56 89>7:?4L 6H9 ;PFL94 >;M?4L H5@ <989=F @H?G69> !g 3 V76 5@ 29
@H;2 I9=;2 7@?4L I;6H 5>>?6?;45= ?4G;8<56?;4 G8;< 6H9 @M9:685=
@78J9F@ 54> 492 9PM98?<9465= 69:H4?i79@D 6H9 >?GG9894:9@ I962994
5@OL8;24 54> 74>98>;M9> @5<M=9@ 589 <;89 M8;G;74>3
&J94 6H;7LH 6H9 @M9:685= @78J9F@ F?9=>?4L d?L3 , H5> @M56?5=

89@;=76?;4 ;G !+"f D 6H9 @M9:685 :54 @H;2 @68;4L J58?56?;4@ G8;<
;49 M?P9= 6; 6H9 49P63 #H989G;89D 54 5::78569 >9@:8?M6?;4 ;G 6H9
9=9:68;4?: @687:6789 89i7?89@ H?LH98O@M56?5=O89@;=76?;4 @M9:685= @78O
J9F@3 d?L789 .5 @H;2@ 5 6FM?:5= L5M<5M G8;< @7:H 5 H?LHO89@;=76?;4
@M9:685= @78J9F 5:i7?89> 2?6H ,.C% ,.C M?P9=@ ;4 6H9 5895
\,+Z f"% ,+Z f"^ ?4>?:569> IF 6H9 2H?69 I;P ?4 d?L3 ,53 d?L789 .I ?@
5 <5M ;G 6H9 L5MO9>L9 M95c 5<M=?67>9D '\!$^D G8;< 6H9 @5<9
@M9:685= @78J9F3 E4 5 :;4J946?;45= @7M98:;4>7:6;8 6H?@ 2;7=> I9 5
<5M ;G 6H9 :;H9894:9OM95c H9?LH6@3 h9 7@9 6H9 @5<9 :;=;78 I58 6;
89M89@946 ! ?4 d?L3 .5 54> '\!^ ?4 d?L3 .ID 6; ?==7@68569 6H9 @M56?5=
:;889=56?;4@ I962994 6H9@9 62; >?GG98946 ;I@98J5I=9@3 E4 6H9@9
_L789@ 29 @99 2H56 5MM958 6; I9 :;<M5:6D 5=<;@6 :?8:7=58D >;<5?4@3
#H9F 589 :H585:698?K9> IF 5 =;2 J5=79 ;G !D 54> 5 '\!^ 6H56 8?@9@
85M?>=F G8;< 6H9 >;<5?4 9>L9 6; 895:H 5 <5P?<7< 56 6H9 >;<5?4
:946893h9 2?== 89G98 6; 6H9@9 89L?;4@ 5@ "O>;<5?4@3 "@ 54 9P5<M=9D 5
@?4L=9 "O>;<5?4 ?@ ?>946?_9> ?4@?>9 6H9 2H?69 :?8:=9 ;4 d?L3 .5 54> I3
`?GG98946 "O>;<5?4@ H5J9 5 >?GG98946 :H585:698?@6?: J5=79@ ;G!D 54>
<7=6?M=9 "O>;<5?4@ 589 :=7<M9> 6;L96H98 56 @;<9 =;:56?;4@3
E4698J94?4L I962994 6H9 "O>;<5?4@ 589 M98:;=56?J9 89L?;4@ :H58O
5:698?K9> IF H?LH! 54> =;2D 5=<;@6O:;4@6546'\!^3 h9 2?== 89G98 6;
6H9@9 @M9:68;@:;M?:5==F >?@6?4:6 5895@ 5@ &O89L?;4@3
d?L789 .: 54> > @H;2@ 6H9 9J;=76?;4 ;G ! 54> '\!^D 89@M9:6?J9=FD

2?6H >?@654:9 5=;4L 6H9 2H?69 =?49 ?4 d?L3 .5 54> I3 h?6H?4 95:H "O
>;<5?4D 6H9 J5=79 ;G! J58?9@ =?66=9D 2H?=9'\!^ 8?@9@ 85M?>=F G8;< 6H9
M98?<9698 895:H?4L 5 <5P?<7< ?4 6H9 :946893 E4 6H9 @788;74>?4L
?4698:;449:69> &O89L?;4@D ! J58?9@ @=;2=F 2H?=9 '\!^ ?@ =;2 54>
5=<;@6 :;4@65463 d?L789 . G;:7@9@ ;4 6H9 6FM?:5= 9J;=76?;4 ;G ! 54>
'\!^D I76 6H9@9 M585<9698@ 89M89@946 ;4=F 5 @<5== @7I@96 ;G 6H9

a Underdoped

b As grown

20 meV 64 meV

!"#$%& ' !"#$%&' (&# )&#* +,-) ./01,0-#10 &/0 &*2(,-3/ 4$25565 *&)#'1*7 1&%8

*8-3$/( &/ &,1& -+ 9:; f<% 9:; f<= >1 .*1 &/ $01/?$%&' %-'-., *%&'1 ?- ,1#,1*1/? ! $/

?81*1 ?3- #&/1'* +-, 1&*1 -+ %-)#&,$*-/= !81 %-'-., *%&'1 *#&/* ?81 ,&/(1 5;@:A)1B7

&/0 ?$%C* -/ ?81 *%&'1 &,1 #'&%10 &? DA)1B7 A5)1B &/0 9;)1B= !81*1 (&# )&#* 31,1

%&'%.'&?10 +,-) ?3- 65E% 65E #$F1' *#1%?,&' *.,G1"*= (7 H&# )&# -+ &/ -F"(1/2

./01,0-#10 4$25565 *&)#'1 3$?8 ! % $ IJ K= !8$* L1'0 -+ G$13 %-/?&$/* &##,-F$)&?1'"

6D; %-)#&%? '-32! 0-)&$/* 38$%8 &,1 G$*$M'1 &* -,&/(17 "1''-3 &/0 (,11/ $*'&/0*

&(&$/*? ?81 $/?1,%-//1%?10 M'.1 &/0 M'&%C M&%C(,-./0 38$%8 &,1 ?81 8$(82! ,1($-/*=

)7 H&# )&# -+ &/ &*2(,-3/ 4$25565 *&)#'1= !81 $/?1,%-//1%?10 ,107 -,&/(1 &/0 "1''-3

'-32! ,1($-/* %-)#'1?1'" 0-)$/&?1 ?81 $)&(1= N)M10010 $/ ?8$* 1/G$,-/)1/? &,1

L'&)1/?&," M'.1 &/0 M'&%C 8$(82! ,1($-/*= O-?1 ?8&? &'?8-.(8 ?8$* *&)#'1 %-/?&$/* &

;=9P *.M*?$?.?$-/ -+ O$ +-, ?81 Q. &?-)* $/ ?81 Q.R5 #'&/17 ?81 6;5 $)#.,$?" ,1*-/&/%1* $/

?8$* L1'0 -+ G$13 &++1%? '1** ?8&/ 69P -+ ?81 &,1&7 &/0 +.,?81,)-,17 ?81 '-%&' G&'.1 -+ !
0-1* /-? G&," /1&, ?81 O$ $)#.,$?$1*:= 4-?8 *#1%?,&' *.,G1"* 31,1 &%S.$,10 3$?8 %-/*?&/?2

%.,,1/? /-,)&'$T&?$-/ $/ %,"-(1/$% .'?,&8$(8 G&%..) &? A=5 K 3$?8 ?.//1' U./%?$-/

,1*$*?&/%1 -+ 6 H# *1? &? " $ $ 6;;)B=

© 2002 Macmillan Magazines Ltd

Checkerboard charge
modulations (Hanaguri, Davis et al., ’04)
Random
superconducting gap modulations (Lang,
Davis eta l., ’02; Gomes, Yazdani et al., ’07)

Bi-2212 therefore shows a tendency towards checkerboard elec-
tronic modulations when HTSC is suppressed. However, it is
unclear whether these checkerboard modulations in Bi-2212 rep-
resent a true electronic phase, because they exhibit2–4 (1) a variety of
doping-dependent incommensurate wavevectors, (2) very weak
intensities, and (3) short (,8 nm) correlation lengths within the
nanoscale disorder4–7. Furthermore, their atomic-scale spatial and
energetic structures are unknown, presumably because of disorder4–7

and/or thermal energy smearing DE < 3.5kBT < 30meV at
T < 100K (ref. 3).
To search for electronic order hidden in the pseudogap while

avoiding these uncertainties, we decided to study a simpler and less
disordered copper oxide at lower doping and temperature.We chose
Ca22xNaxCuO2Cl2 (Na-CCOC), a material whose parent com-
pound Ca2CuO2Cl2 is a canonical Mott insulator8. Within its
undistorted tetragonal crystal structure (Fig. 1b), all the CuO2

planes are crystallographically identical. Sodium substitution for
Ca destroys the Mott insulator state, producing first a nodal metal9

in the zero-temperature pseudogap (ZTPG) regime, and eventually
HTSC for x $ 0.10 (refs 10, 11). Crucially, Na-CCOC is easily
cleavable between CaCl layers to reveal an excellent surface. Initial
STM studies showed clean, flat CaCl surfaces (with traces of
nanoscale electronic self-organization) which exhibit a V-shaped
spectral gap for jEj , ,100meV (ref. 12).
Our studies used Ca22xNaxCuO2Cl2 samples with Na concen-

trations x ¼ 0.08, 0.10, and 0.12 and bulk Tc < 0, 15 and 20K
respectively. Atomically flat surfaces are obtained by cleaving below
20K in the cryogenic ultrahigh vacuum of a dilution refrigerator.

Figure 1d shows a typical topographic image of the CaCl plane with
inset showing the quality of atomic resolution achieved throughout.
These surfaces exhibit a perfect square lattice, without discernible
crystal distortion or surface reconstruction, and with lattice con-
stant a0 in agreement with X-ray diffraction (3.85 Å).

To image the electronic states in Na-CCOC, we use spatial- and
energy-resolved differential tunnelling conductance, g(r, E ¼ eV s),
measurements from STM. For a strongly correlated system such as a
lightly doped Mott insulator, g(r, E) is proportional to the momen-
tum-space integrated spectral function at r (ref. 13), rather than
LDOS(r, E). Nevertheless, g(r, E) measurements remain a powerful
tool for determining atomic-scale spatial rearrangements of elec-
tronic structure.

The properties of g(r, E) should be determined primarily by states
in the CuO2 plane because the CaCl layers are strongly insulating. In
support of this, we find thatmissing surface atoms (arrow in Fig. 1d)
do not affect g(r, E). A typical spatially averaged spectrum kg(r, E)l
for x ¼ 0.12 is shown in black in Fig. 1c. The high energy
conductance for electron extraction is ,5 times greater than that
for injection and this ratio grows rapidly with falling doping
(Supplementary Fig. 1). Such strong bias asymmetries in conduc-
tance have long been anticipated. This is because, in a lightly hole-
doped Mott insulator, the reservoir of states from which electrons
can be extracted at negative sample bias is determined by 1 2 p,
while that of hole-states into which electrons can be injected at
positive sample bias is determined by p, where p is the number of
holes per CuO2.

For jEj , 100meV, a slightly skewed V-shaped gap, reaching very

Figure 1 Atomic-scale explorations of electronic states in Ca22xNaxCuO2Cl2. a, A
schematic phase diagram of hole-doped copper-oxides showing the Mott insulator, high-

T c superconductor (HTSC) and metallic phases along with the ‘pseudogap’ regime and

the ZTPG line. b, Crystal structure of Ca22xNaxCuO2Cl2. Red, orange, blue and green

spheres represent Ca(Na), Cu, O and Cl atoms, respectively. Conducting CuO2 planes are

sandwiched by insulating CaCl layers. c, A characteristic spatially averaged tunnelling

conductance spectrum of x ¼ 0.12 Na-CCOC. The large particle–hole asymmetry in

conductance at high energies can be associated with the light doping of a Mott insulator

(see text). At low energies a skewed V-shaped gap exists. At energies below ,10meV,

changes occur in the spectra of superconducting samples (see Supplementary Fig. 5).

The spectrum measured on equivalently underdoped Bi-2212 is shown in blue. d, High-
resolution STM topograph of the cleaved CaCl plane of a crystal with x ¼ 0.10. The

perfect square lattice, without discernible bulk or surface crystal reconstructions, is seen.

The image was taken at a junction resistance of 4 GQ and sample bias voltage

V s ¼ þ200mV. e, The conductance map g(r, E) at E ¼ þ24meV in the field of view of

d. It reveals strong modulations with a 4a 0 £ 4a 0 commensurate periodicity plus equally

intense modulations at 4a 0/3 £ 4a 0/3 and strong modulations at a 0 £ a 0. All data in

this paper are acquired near T ¼ 100mK in a dilution refrigerator-based scanning

tunnelling microscope.
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Quantum Monte Carlo is accurate but...

...there’s the sign problem...

For fermions probabilities not necessarily positive definite
“[The] sign problem is nondeterministic polynomial (NP)
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Current trends in QMC for Strongly Correlated Electrons
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DMRG Basics

system environment

Algorithm: “Density Matrix Renormalization Group” [White,
PRL ’92 and PRB ’92]
Discard (an exponential number of) states. Keep m states
in Hibert space at all times.
Controlled error, exponentially decaying with m for most 1D
systems.
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DMRG Basics

system environment

After adding a site the Hilbert space of system and
environment (separately) is transformed by a linear
transformation |k ′〉 =∑k Wk ′,k |k〉
Operators are transformed by A′ = W †AW
Transformations “stack":
Ã = · · ·W †

3 W †
2 W †

1 W †
0 AW0W1W2W3 · · ·
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Ã = · · ·W †

3 W †
2 W †

1 W †
0 AW0W1W2W3 · · ·

Alvarez et al. http://www.ornl.gov/~gz1/

http://www.ornl.gov/~gz1/


The Exponential Problem
Quantum Monte Carlo

Density Matrix Renormalization Group
DFT for Model Hamiltonians

Summary and Outlook

DMRG: The Idea
Algorithmic Performance
Case Study

The DMRG Transformation

W

L
ar

ge

small

W

Large

sm
al

l

+
I

L
ar

ge

small

Alvarez et al. http://www.ornl.gov/~gz1/

http://www.ornl.gov/~gz1/


The Exponential Problem
Quantum Monte Carlo

Density Matrix Renormalization Group
DFT for Model Hamiltonians

Summary and Outlook

DMRG: The Idea
Algorithmic Performance
Case Study

The DMRG Transformation

W

L
ar

ge

small W

L
ar

ge

small

W

Large

sm
al

l

+
I

Alvarez et al. http://www.ornl.gov/~gz1/

http://www.ornl.gov/~gz1/


The Exponential Problem
Quantum Monte Carlo

Density Matrix Renormalization Group
DFT for Model Hamiltonians

Summary and Outlook

DMRG: The Idea
Algorithmic Performance
Case Study

The DMRG Transformation

W

L
ar

ge

small W

L
ar

ge

small

W

Large

sm
al

l

+
I

W

Large

sm
al

l

+

W

L
ar

ge

small

Identity!!

not
the

Alvarez et al. http://www.ornl.gov/~gz1/

http://www.ornl.gov/~gz1/


The Exponential Problem
Quantum Monte Carlo

Density Matrix Renormalization Group
DFT for Model Hamiltonians

Summary and Outlook

DMRG: The Idea
Algorithmic Performance
Case Study

The DMRG Transformation

W †W = I but WW † 6= I (i.e., there is no right inverse)
Let Ai be an operator that lives on the Hilbert space for a
single site i in the real space basis

Definition of Ã

Define Ãi = · · ·W †
3 W †

2 W †
1 W †

0 AiW0W1W2W3 · · · . Note that:
1 Ãi acts on a larger Hilbert space than Ai

2 But not exponentially large (it is truncated)
3 Ãi still acts only on i (well... almost)
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Assembling The Hamiltonian

environmentsystem i

Current DMRG basis for system and environ.
“Assembler operators” X 0, X 1, · · ·X l .
Let Ai =

∏
t∈T X t , where T is a subset of {0,1, · · · 2l − 1},

X l+r = (X r )†. Let Ai , Bi , Ci , etc. act on i
Honsite = Ci and Hconnections = AiBj

Keep Hsystem and Henvironment on current DMRG basis but
build superblock Hamiltonian on the fly
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Types of Hamiltonian Connections

Onsite Terms: trivial, add when fresh site added

Connections
Connection I: With a new site: Fluff up:
(· · ·W †

2 W †
1 W †

0 AiW0W1W2 · · · )Bj ≡ ÃiBj

Connection II: Between old sites: Caveat, no right inverse!
W †AiBjW 6= (W †AiW )(W †BjW ), i.e. ÃiBj 6= Ãi B̃j

Connection III: Across system and environment: OK
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Connections System-Environment

CPU intensive part: sum over connections of form c†i cj
(Hubbard), S+

i S−j , Sz
i Sz

j (Heisenberg), and generally:

(ASBE)c,c′ =
∑

a,b,a′,b′

GSE
PSE (c),a+bNs

(
s̃aAS

a,a′BE
b,b′

)
×GSE

PSE (c′),a′+b′Ns

The sum over i , j ∑
connectionsi,j

AiBj (3)

can be parallelized efficiently using pthreads.
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DMRG Parallelization
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Figure: Serial (red/green lines) vs. Parallel (blue lines)
[G. Alvarez, arXiv:1003.1919]; [K. Hallberg et al. CPC]
Also: [G. Alvarez, Comp. Phys. Comm. (2009)]
But: Scalability still an open problem. Big pay-off if solved
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Coexistence of Ferromagnetism and Pairing

M. Johannes, Physics 2008

Computed Phase Diagram of a Model for Iron Pnictides
User Project: [Xavier et al., PRB 2010]
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Current trends in DMRG

Other models (e.g. t-j model) and other geometries (e.g.
“trees”)
Parallelization
Time dependent DMRG (We are doing this now!)
Temperature: METTS, [S. White PRL 102, 190601 (2009)]

Race to solve the 2D problem: MERA, PEPS, too many
new algorithms to list all
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DFT does not apply to model Hamiltonians

Consider [Schlindmayr and Godby, PRB 1995]:

Ĥ = −t
∞∑

i=−∞

∑
σ

(c†i,σci+1,σ + H.c.) + U
∞∑

i=−∞
ni↑ni↓ (4)

Translational invariant chain or ring: density is constant
Properties (e.g. kinetic energy) of U = 0 and U 6= 0
systems different
But: Kohn-Sham predicts that they are the same

Alvarez et al. http://www.ornl.gov/~gz1/
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Hohenberg-Kohn Theorem does not apply

Energy not a functional of (only) the density E 6= E [ρ]

Depends also on U
Or on e2

4πε0

Relevant because:
1 Fully reductionist approach not

always useful
2 Interest in:

Emergent behavior at the
nanoscale
What interactions are the most
relevant for a given solid

Alvarez et al. http://www.ornl.gov/~gz1/
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Our Interests and Future Research

If you want to solve the exponential problem exactly. . .

. . . consider using Quantum Monte Carlo: continuous time,
hybridation expansion, . . .

. . . and Density Matrix Renormalization Group

Thanks to: E. Dagotto, L. Dias da Silva, M. Eisenbach, S.
Manmana, I.P. McCulloch, J. A. Riera, and J. Xavier.

http://www.ornl.gov/~gz1/

http://arxiv.org/abs/1003.1919

http://arxiv.org/abs/0902.3185

Alvarez et al. http://www.ornl.gov/~gz1/
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