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FIG. 2. !Color online" !a" Schematic of the microscope
tip and sample geometry. !b" Height trace from AFM
topography demonstrates the tip resolution and VO2
surface roughness. !c" 14 consecutive IV sweeps at a
single location at T=107 K. #!d" and !e"$ 200 consecu-
tive IV sweeps at two different representative locations,
at room temperature. Iterations start from black and run
through grey !light blue online". Training voltage is
VT%12 V in !d" and !e" and !40 V in !c". #!f" and
!g"$ Vset as a function of iteration number for the data
from !d" and !e".
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FIG. 3. !Color online" !a" AFM topography of the VO2
surface. #!b"–!f"$ Current maps at increasing bias volt-
age show the metallic puddle seeded at two grains !out-
lined in black", growing with increasing bias. Grain
boundaries are drawn in white in the upper right corners
of !a" and !b", which were acquired simultaneously, to
emphasize the correlation between grain locations and
regions of constant current. !g" Current distributions for
!b"–!f" are bimodal, showing the jump between insulat-
ing and metallic state conductivity. A second set of im-
ages !not shown", acquired in this same area, as the
applied voltage was subsequently decreased by the
same increments, show the shrinking and disappearance
of the metallic puddle.
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FIG. 2. Magnetoresistance behavior of the epitaxial La-Ca-Mn-G films 
(900 “U30 min heat treated). 

ited film was found to be similar to that of the bulk target 
used for the deposition, as indicated by scanning electron 
microanalysis and Rutherford backscattering analysis. X-ray- 
diffraction and rocking angle analysis indicate that the films 
have the perovskite-type cubic structure with a lattice param- 
eter of a=3.89 A (or a=7.78 A from the crystallographic 
point of view) and grow epitaxially on the LaAlO, substrate 
(a =3.79 A). 

The electrical resistance and magnetoresistance of the 
films were measured as a function of temperature and mag- 
netic field by the four-point technique (using a constant cur- 
rent) in a superconducting magnet with the maximum ap- 
plied field of H = 6 T. For most of the films the field direction 
was parallel to the current direction. Some of the measure- 
ments were carried out with the field applied perpendicular 
to the current direction in the film (using either in-plane field 
or perpendicular field). The MR behavior in the La-Ca-Mn-0 
6lms is almost always negative and essentially isotropic with 
respect to the field direction if the demagnetizing factor is 
taken into consideration. The M-H loops were obtained by 
using a vibrating sample magnetometer with the maximum 
field of H =l T. The transmission electron microscopy 
(TEM) was carried out by using JEOL 4000 microscope op- 
erated at 400 kV. The samples were thinned by ion milling. 

III. RESULTS AND DISCUSSION 
The La-Ca-Mn-0 films in the as-deposited condition ex- 

hibit low MR ratios of typically less than -500% over a 
broad temperature range of 50-300 K (low MR only in a 
relative sense as this is still quite impressive). It has been 
found that a post-heat treatment of the deposited films is 
essential in order to maximize the MR behavior.” The high- 
est MR ratio so far has been obtained by heat treatment at 
900 “C/30 min. in an oxygen atmosphere (3 atm oxygen). As 
shown by the R vs H curves in Fig. 2 the La-Ca-Mn-0 film 
exhibits a very large magnetoresistance value of 127 000% at 
77 K (more than a thousandfold decrease in resistivityj. The 
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zero-field resistivity of the film, p-11.6 s1 cm (R=1.35 Ma 
for the sample size -1000 w thickX2 mm wideX4 mm 
long), decreased in the presence of applied field H=6 T to 
-9.1 ma cm (R =1.06 KQ). The 77 K data indicate that the 
most significant portion of the resistivity drop occurs at He2 
T. The 127 000% MR value in this film is colossal when 
compared to the 5%-150% magnetoresistance in the GMR 
multilayer films. As this particular film has been heat treated 
so as to exhibit the peak MR value near the liquid-nitrogen 
temperature (77 K), other measurement temperatures gave 
lower MR ratios, e.g., 14 400% at a higher temperature of 
110 K and 54 100% at a lower temperature of 60 K as shown 
in Fig. 2. 

Shown in Fig. 3 are the temperature dependence charac- 
teristics of p, ARIR,, and A4 of the La-Ca-Mn-G film. As is 
evident in the figure, the p vs T curve exhibits a relatively 
sharp cusp at -95 K with the film showing semiconductor 
behavior (i.e., a negative dp/dT) above and metallic behav- 
ior (a positive dp/dT) below this temperature. The tempera- 
ture at which the magnetoresistance (AR/RHj of the film is 
maximum is almost invariably located in the metallic- 
behavior region on the left-hand (low-temperature) side of 
the resistivity peak. It is interesting to note that the magne- 
toresistance peak occurs at the temperature where the resis- 
tivity is roughly one-half of the peak resistivity or near the 
inflection point of the curve. 

Also shown in Fig. 3 is the magnetization M (at H = 1 T) 
versus temperature curve for the La-Ca-Mn-0 film. It is evi- 
dent that the film is strongly ferromagnetic with M-200 
emu/cm3 at 50 K and M- 100 emu/cm3 at 150 K. The M-H 
loops measured at various temperatures are given in Fig. 4. 
The loops exhibit magnetic hysteresis with coercivity H, of 
about 30-50 Oe. 

The mechanism(s) responsible for the very large magne- 
toresistance observed in the La-Ca-Mn-0 films appear(s) to 
be related to the semiconductor-to-metal transition, however, 
the exact mechanism(s) are not clearly understood at the mo- 
ment. Previous reports suggested the possibility of spin- 
disorder scattering, magnetic polaron hopping, or critical 
magnetic scattering for the relatively small MR effect present 
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FIG. 2. !Color online" !a" Schematic of the microscope
tip and sample geometry. !b" Height trace from AFM
topography demonstrates the tip resolution and VO2
surface roughness. !c" 14 consecutive IV sweeps at a
single location at T=107 K. #!d" and !e"$ 200 consecu-
tive IV sweeps at two different representative locations,
at room temperature. Iterations start from black and run
through grey !light blue online". Training voltage is
VT%12 V in !d" and !e" and !40 V in !c". #!f" and
!g"$ Vset as a function of iteration number for the data
from !d" and !e".
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FIG. 3. !Color online" !a" AFM topography of the VO2
surface. #!b"–!f"$ Current maps at increasing bias volt-
age show the metallic puddle seeded at two grains !out-
lined in black", growing with increasing bias. Grain
boundaries are drawn in white in the upper right corners
of !a" and !b", which were acquired simultaneously, to
emphasize the correlation between grain locations and
regions of constant current. !g" Current distributions for
!b"–!f" are bimodal, showing the jump between insulat-
ing and metallic state conductivity. A second set of im-
ages !not shown", acquired in this same area, as the
applied voltage was subsequently decreased by the
same increments, show the shrinking and disappearance
of the metallic puddle.
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ited film was found to be similar to that of the bulk target 
used for the deposition, as indicated by scanning electron 
microanalysis and Rutherford backscattering analysis. X-ray- 
diffraction and rocking angle analysis indicate that the films 
have the perovskite-type cubic structure with a lattice param- 
eter of a=3.89 A (or a=7.78 A from the crystallographic 
point of view) and grow epitaxially on the LaAlO, substrate 
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900 “C/30 min. in an oxygen atmosphere (3 atm oxygen). As 
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long), decreased in the presence of applied field H=6 T to 
-9.1 ma cm (R =1.06 KQ). The 77 K data indicate that the 
most significant portion of the resistivity drop occurs at He2 
T. The 127 000% MR value in this film is colossal when 
compared to the 5%-150% magnetoresistance in the GMR 
multilayer films. As this particular film has been heat treated 
so as to exhibit the peak MR value near the liquid-nitrogen 
temperature (77 K), other measurement temperatures gave 
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110 K and 54 100% at a lower temperature of 60 K as shown 
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maximum is almost invariably located in the metallic- 
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the resistivity peak. It is interesting to note that the magne- 
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tivity is roughly one-half of the peak resistivity or near the 
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emu/cm3 at 50 K and M- 100 emu/cm3 at 150 K. The M-H 
loops measured at various temperatures are given in Fig. 4. 
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Benchmarking

The methods are all highly accurate compared to 
traditional electronic structure techniques like 
density functional theory. 
!

How accurate?  
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Where do they fail?



Electronic structure of the cuprates

Standard methods fail to describe any of this!
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AF-QMC approach for excited states

AFQMC with virtual orbital orthogonalization

  - Ma, SZ, Krakauer:   NJP 2013        
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Figure 1. Illustration of AFQMC projections of the ground- and excited-state
(i = 2 ! j = 5) energies (equation (1)) in silicon at k = (0.3, 0, 0). Phaseless
AFQMC result for the ground state (red diamonds) is compared to exact
free-projection (black circles). For the excited state, free-projection (blue
squares) collapses. Result from the new method with phaseless and virtual
orthogonalization constraint is shown in red triangles. GW excitation is shown
for reference and is indicated by violet dashed lines [27].

where a†
j and ai are creation and destruction operators for unoccupied (conduction) and

occupied (valence) states, respectively, and we assume that the spatial part of the valence
and conduction orbitals are spin independent. In degenerate cases, the trial wave function is
constructed by considering all possible promotions among these orbitals, and the coefficients
of each determinant are set equal. In the orthogonality constraint, if the valence state �T

i is
degenerate, its partners are not included in the constraint, which is consistent with ground state
AFQMC for an open-shell system. Similarly, any degenerate partners of the conduction state
�T

j are not included. All our calculations are performed at arbitrary k-points in the primitive
cell that holds the most complete symmetry for different excitations. In supercells, the folding
of bands creates additional mixing of crystal momentum eigenstates, whose decoupling at the
many-body level will need further study.

2.2. Illustration

Figure 1 illustrates our method in fcc silicon. The excited state corresponds to the excitation
from band i = 2 to the lowest lying conduction band j = 5 at k = (0.3, 0, 0). The trial wave
function | Ti was obtained from DFT with the LDA, while | ⇤

Ti for excited state is the singlet
trial wave function of equation (2). For comparison, AFQMC results are also shown from free-
projection, which does not impose the phaseless constraint [13] and is exact for the ground state,
but is eventually overwhelmed by the fermion sign problem. (Large runs with ⇠ 2 ⇥ 106 walkers
were used in the free-projection calculations.) The ground state phaseless AFQMC results are in
excellent agreement with the exact calculation, indicating very small systematic error from the
phaseless approximation, consistent with earlier results [21]. In contrast with the ground state,
exactness is not ensured in free projection for the excited state; a more severe sign problem and
onset of collapse is seen. The phaseless and the orthogonality constraints stabilize the excited

New Journal of Physics 15 (2013) 093017 (http://www.njp.org/)
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Figure 3. Many-body band structure of diamond from AFQMC (blue dots).
GW [35] and GGA band structures are plotted by solid and dashed lines, re-
spectively. Available DMC results at high symmetry points 0, X and L [18] are
indicated by green triangles. Experimental values [27] are shown as red circles.

FS correction has been applied to the AFQMC results to remove residual FS effects, which are
small, as discussed in section 2.3. Trotter time-step extrapolation of calculated band gaps in
standard semiconductors such as silicon and diamond (as discussed below) shows that Trotter
errors are less than the statistical uncertainty (0.02 eV) for 1⌧ = 0.005 Ryd�1. Using a | ⇤

Ti
from LDA, AFQMC results correct the band gap problem and are in good agreement with
experiment and with GW. The lowest band, which corresponds to the highest excitation energies,
tends to be too low. For an imaginary-time projection method, its quality can be expected to
decline for higher excited states. Also the simple singlet | ⇤

Ti or the orthogonalization constraint
may not be sufficient, as there are many states with similar energies.

3.2. The band structure of diamond

The many-body band structure of diamond is given in figure 3 together with available DMC
and experimental results [18, 27]. The lattice constant of 3.567 Å was used. The calculations
are similar to those in Si, except for a higher planewave cutoff Ecut = 50 Ryd and the use
of GGA pseudopotential and trial wave function. We have verified that the calculations are
insensitive to the difference in | ⇤

Ti at the level of LDA versus GGA or a hybrid functional.
Other calculational details are similar to those in section 3.1. Exciton binding energy is about
0.08 eV in diamond [36]. The AFQMC results are again generally in very good agreement with
GW and with experiment.

3.3. The band gap of ZnO

Accurately calculating the fundamental band gap of wurtzite structure ZnO is very challenging.
LDA and GGA underestimate the gap by almost 3 eV. Even the generally more accurate
GW method gives various values [7–11]. There has been considerable discussion about
the importance of various convergence issues, choice of pseudopotentials and additional
approximations such as the plasmon-pole model and the inclusion of self-consistency in the
GW calculation [7–11]. Here we will use the AFQMC method to study the full many-body
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Table 1. The calculated AFQMC band gap (eV) of wurtzite ZnO, compared to
experiments [37–40]. Also shown are results from GGA, hybrid DFT [41, 42]
and GW [7, 11]. (Experimental exciton binding energy is ⇠ 0.06 eV [33].)

GGA Hybrid GW AFQMC Exp.

1gap 0.77 3.32,2.90 3.4,3.6,2.56 3.26(16) 3.30,3.44,3.57

Hamiltonian by using high-quality pseudopotential in an ab initio way. The orbital orthogonality
constraint is applied to guide the propagation, and its stability has been illustrated before. To
properly treat the large spatial overlap among 3s, 3p and 3d wave functions of atomic Zn [9], our
Zn GGA pseudopotential was constructed with a Ne-core, thereby fully correlating the semicore
3s, 3p along with the 3d states in the many-body calculation. Very conservative radial cutoffs
of 0.83, 1.02 and 1.13 Bohr were used for s, p and d channels, respectively, resulting in a large
planewave cutoff Ecut = 180 Ryd. The pseudopotential gives GGA optimized lattice parameters
of a = 3.279 and c = 5.284 Å, and bulk modulus of 128.7 GPa, all in good agreement with
published GGA results [43].

Our AFQMC calculations were done at the above GGA optimized geometry. While hybrid
functionals seem to perform better in ZnO, we chose to use simple trial wave functions from
GGA in our AFQMC calculations to avoid any parameter tuning. The singlet form | ⇤

Ti in
equation (2) was used. The main calculations were done with Trotter time-steps of 1⌧ = 0.01
and 0.005 Ryd�1. The Trotter error was then corrected for by extrapolation from separate runs
using a single-determinant | ⇤

Ti. (The Trotter error at 1⌧ = 0.005 Ryd�1 is about ' 0.25 eV
prior to extrapolation.) The calculated raw band gap was 2.54(14) eV. Since DFT severely
underestimates the band gap, the FS correction is less straightforward in ZnO. At k = 0, for
example, the single k-point self-consistent GGA calculation would yield a metallic ground
state. We extrapolated �E eh,1b

i j (k) for k within 0.1 of the 0 point, along two high symmetry
lines. In doing so, we assume that the eh effect does not introduce a discontinuity in the band
dispersion, which is reasonable since it mainly relates to the simulation cell size. This yielded
�E1b,eh

i j (0) = 0.58(08) eV (LDA would yield 0.41(04) eV). The 2b correction of equation (5) is
well-behaved: �E2b

i j (0) = 0.08 eV. Adding the FS corrections yields our calculated band gap of
3.20(16) eV.

The experimental equilibrium geometry is at a = 3.250 and c = 5.207 Å [44]. To compare
our band gap (for the GGA equilibrium geometry) to experiment, we apply a correction
of +0.06 eV, which is the excitation energy difference given by GGA for the experimental
and GGA-optimized geometries. (Hybrid B3LYP calculations give a correction of +0.10 eV.)
Table 1 compares our final calculated band gap with optical experimental values and
representative results from recent calculations. The error bar on the AFQMC result reflects
the statistical error and the uncertainty in the FS corrections.

We note that, even with the small-core pseudopotential, there can be pseudoization and
core-relaxation errors [45]. The precise effect cannot be determined without further many-body
calculations. However, recent studies [10, 11] comparing all-electron and pseudopotential GW
calculations indicate that the effect is approximately +0.27 eV for a pseudopotential of similar
quality to the one we have adopted. This would increase the AFQMC result for the fundamental
band gap in ZnO to ⇠ 3.53(16) eV, still within the range of experimental measurements but
would seem to be in better agreement with the most recent result of 3.57 eV [39, 40].
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296 K

Jinjin Li

MP2: Phase transition in solid CO2 
Sode, Keceli, Yagi, and Hirata, JCP (2013);  
Li, Sode, Voth and Hirata, Nature Comm (2013)



Multi-scale: nailing down the benzene crystal

Computations made possible by methods (e.g. 
local CC) developed with DOE support



Nailing down the benzene crystal
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sub kJ/mol convergence reached! 
!
Theoretical: −55.90 ± 0.86 kJ/mol 
Experiment: −55.3 ± 2.2 kJ/mol

Jun Yang, GKC et al., Science, in press (2014)



New extensions to methods

Obtaining new quantities or higher accuracy 
than before. 
!

Connecting two methods that were previously 
disparate.



Highlights in DMET

phase	  diagram	  of	  2D	  
Hubbard	  model	  	  
(resembles	  phase	  

diagram	  of	  cuprates)
Zheng,	  GKC,	  in	  preparation

Intermediate	  phases	  of	  the	  honeycomb	  Hubbard	  model:	  Chen,	  Sharma,	  Booth,	  Knizia,	  GKC,	  
submitted	  to	  Phys.	  Rev.	  Lett.
Metal-‐insulator	  transitions	  across	  the	  transition	  metal	  oxides:	  Chen	  et	  al.,	  Millis,	  GKC	  
in	  preparation	  (CMCSN	  collaboration)

In	  addition

superconducting	  
dome

spectral	  functions	  from	  DMET	  
(a	  “better	  and	  cheaper”	  DMFT)

Booth,	  GKC,	  submitted	  to	  Phys.	  Rev.	  Lett.



Generating effective models
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Ab-initio effective Hamiltonians 
from canonical transformations 

works well in molecules, 
ready to be applied to solids

Watson, GKC, in preparation

Effective Hamiltonians fitted to FN-DMC 
Applied to graphene, small effective U 

!
Connects continuum with discrete models 

Changlani, Zheng, Wagner



Parallel MC-MP2, MP3, MP2-R12 
Willow, Hermes, Kim and Hirata, JCTC (2013); Willow and Hirata, JCP (2014); Willow, 
Zhang, Valeev, and Hirata, JCP Comm (2014)

C60 cc-pVDZ on 320 processors of Blue Waters

Correlated EA

Parallel scaling

Diagrammatics R12: basis convergence

Edward Valeev 
Jinmei Zhang



Challenges: data

Many-body wave function 
!

Most compact representation for a complicated 
wave function. How can we store this 
systematically for many systems? 
!

Data analysis: high dimensional feature 
extraction; any takers? 
!



Computational development

•Methods are are computationally demanding 
(three INCITE awards among our collaboration) 
!

•Monte Carlo methods (example from cuprates):  
   one step: ~1 ms 
   perform many millions of times 
!

•TAU performance tools used:   
   2x speedup of QWalk on Mira 
!

!



Outlook
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High accuracy for 
correlated electron 
systems

New properties

Method
Type of 
Hilbert 
space

Major 
approximat

ion
Variational 
principle

Investigato
r Code

FN-DMC Continuum
Node of 

wave 
function

Yes Ceperley, 
Wagner

QWalk, 
QMCPACK

AF-QMC Discrete
Phase of 

wave 
function

Somewhat Zhang development

DMRG/
DMET Discrete

Local 
matrix 

product 
states

Yes Chan available

MERA Discrete Ansatz Yes Ryu development

MP 
perturbatio

n theory
Discrete

Perturbatio
n /

interaction 
strength

No Hirata development

A suite of methods 
http://www.predictive-scidac.org 
!
Now partnered with QUEST

http://www.predictive-scidac.org

