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In this work, we propose a systematic way of computing a low-rank globally adapted localized Tucker-tensor
basis for solving the Kohn-Sham density functional theory (DFT) problem. In every iteration of the self-consistent
field procedure of the Kohn-Sham DFT problem, we construct an additive separable approximation of the Kohn-
Sham Hamiltonian. The Tucker-tensor basis is chosen such as to span the tensor product of the one-dimensional
eigenspaces corresponding to each of the spatially separable Hamiltonians, and the localized Tucker-tensor basis
is constructed from localized representations of these one-dimensional eigenspaces. This Tucker-tensor basis
forms a complete basis, and is naturally adapted to the Kohn-Sham Hamiltonian. Further, the locality of this basis
in real-space allows us to exploit reduced-order scaling algorithms for the solution of the discrete Kohn-Sham
eigenvalue problem. In particular, we use Chebyshev filtering to compute the eigenspace of the Kohn-Sham
Hamiltonian, and evaluate nonorthogonal localized wave functions spanning the Chebyshev filtered space, all
represented in the Tucker-tensor basis. We thereby compute the electron-density and other quantities of interest,
using a Fermi-operator expansion of the Hamiltonian projected onto the subspace spanned by the nonorthogonal
localized wave functions. Numerical results on benchmark examples involving pseudopotential calculations
suggest an exponential convergence of the ground-state energy with the Tucker rank. Interestingly, the rank of
the Tucker-tensor basis required to obtain chemical accuracy is found to be only weakly dependent on the system
size, which results in close to linear-scaling complexity for Kohn-Sham DFT calculations for both insulating
and metallic systems. A comparative study has revealed significant computational efficiencies afforded by the
proposed Tucker-tensor approach in comparison to a plane-wave basis.

DOI: 10.1103/PhysRevB.00.005100

I. INTRODUCTION

Electronic structure calculations within the Kohn-Sham
density functional theory (DFT) [1,2] have been very suc-
cessful in providing significant insights into a wide range
of materials properties over the past decade by enabling
quantum-mechanically informed studies on ground-state ma-
terials properties. The Kohn-Sham approach to DFT is based
on the key result by Hohenberg and Kohn [1] that the
ground-state properties of a materials system can be described
by a functional of electron density, which to date remains
unknown. However, Kohn and Sham [2] addressed this
challenge in an approximate sense by reducing the many-body
problem of interacting electrons to an equivalent problem of
noninteracting electrons in an effective mean field governed by
the electron density. This effective single-electron formulation
encompasses an unknown exchange-correlation term that in-
cludes the quantum-mechanical interaction between electrons,
which is modeled in practice, and the widely used models
have been successful in predicting a range of properties across
various materials systems.

However, the computational complexity of traditional
approaches of solving the Kohn-Sham problem scales as
O(M N?), where M denotes the number of basis functions and
N specifies the system size (number of atoms or number of
electrons). This enormous computational cost associated with
Kohn-Sham DFT calculations, approaching cubic scaling as
M o N, has restricted the size and complexity of accessible
materials systems. Thus, to enable accurate large-scale DFT
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calculations, it is desirable to develop computational methods
employing a systematically improvable and complete basis,
but which is also effective as that it can accurately capture the
electronic structure using a small number of basis functions
(small M). In addition, it is also desirable to develop computa-
tional methods that exhibit reduced-order scaling with system
size. To this end, this work develops an algorithm to construct
an efficient, yet complete, basis that is systematically adapted
to the Kohn-Sham Hamiltonian and combines this approach
with reduced-order scaling methods for the solution of the
Kohn-Sham problem to develop a computationally efficient
methodology for large-scale Kohn-Sham DFT calculations.
Among the complete basis sets employed in DFT calcula-
tions, the plane-wave basis [3—-5] is the most widely used, and
is naturally suited for the computation of bulk-properties of
materials. Although the plane-wave basis provides variational
convergence in the ground-state energy with exponential
convergence rate, the computations are restricted to periodic
geometries with periodic boundary conditions. Furthermore,
the plane-wave basis functions are extended in real space, and
this limits the scalability of numerical implementations on
parallel computing architectures. The other widely employed
basis sets include the atomic-orbital-type basis functions [6-8],
which are reduced-order basis functions that provide good
accuracy with relatively few basis functions. However, these
basis sets do not constitute a complete basis and may not
offer systematic convergence for all materials systems. Also,
in some cases, parallel scalability across processors is limited
due to the nonlocality of these basis functions. Recent efforts
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have also focused on developing adaptive reduced-order basis
functions [9,10], which offers a promising direction to develop
computationally efficient large-scale DFT calculations.

Over the past few decades, systematically improvable real-
space techniques for DFT calculations have been an active area
of research. Some notable developments include discretization
techniques based on finite difference discretization [11,12],
wavelet basis [13,14], and finite element basis [15-19].
Among the real-space techniques, the finite element basis—
a piecewise polynomial basis—has desirable features such
as admitting general geometries and boundary conditions,
locality of the basis functions that supports development of
reduced-order scaling methods via localization, and good
parallel scalability. However, the number of basis functions
M required to achieve chemical accuracy is usually larger
in comparison to plane-wave basis and atomic-orbital basis.
Thus it is desirable to develop a basis that is systematically
improvable and complete such as plane waves, wavelets, or
finite elements, has locality in real space such as wavelets and
finite elements, is efficient such as atomic-orbital type basis,
and exhibits good parallel scalability.

In addition to developing efficient basis functions, many
efforts in the past decade have focused on developing algo-
rithms for the solution of Kohn-Sham equations that have a
reduced computational complexity. We refer to [20,21] for
a comprehensive review of these methods. These methods
usually exploit the locality [22] in representing the wave
functions directly or indirectly, by either computing the
single-electron density matrix (divide and conquer method
[23-25], Fermi-operator expansion type techniques [26—30],
density-matrix minimization [31,32], subspace projection type
methods [33,34]), or representing the density matrix in terms
of localized Wannier functions (Fermi-operator projection
method [35,36], orbital minimization approach [37,38]).
While these methods have been successful in achieving linear-
scaling complexity for materials systems with a band gap,
the computational complexity can deviate significantly from
linear scaling for metallic systems with vanishing band gaps.
The development of reduced-order scaling techniques which
can handle both insulating and metallic systems in a unified
framework is still an active area of research [26,27,29,30,34].

In this work, we exploit low-rank tensor-structured ap-
proximations [39,40] to develop a Tucker-tensor algorithm
for solving the Kohn-Sham equations. This constitutes con-
structing a complete, yet efficient localized Tucker-tensor basis
that is adapted to the Kohn-Sham Hamiltonian, and using
subspace-projected localization techniques for the solution of
Kohn-Sham equations in the Tucker-tensor basis. This work
has been inspired by recent studies on a posteriori numerical
analysis of the computed electronic structure of materials
systems [41], which revealed that tensor-structured approx-
imations based on canonical and Tucker type representations
[42-44] can provide low-rank approximations to the electronic
structure of a wide range of materials systems. Further, a
recent study [45] has shown that the Tucker rank required
to approximate the computed electronic structure of materials
is only weakly dependent on the system size, thus providing a
useful direction to exploit the low-rank Tucker approximation
for developing reduced-order scaling algorithms for DFT
calculations.

PHYSICAL REVIEW B 00, 005100 (2016)

The key challenge in this work is to develop a systematic
procedure for computing the Tucker-tensor basis adapted to
the Kohn-Sham eigenvalue problem in order to efficiently
represent the a priori unknown Kohn-Sham wave functions.
To this end, for every self-consistent field (SCF) iteration of a
DFT calculation, we compute a spatially additive separable
approximation of the Kohn-Sham Hamiltonian and solve
for the 1D-eigenfunctions of the separable one-dimensional
Hamiltonians. Using a localization procedure [46], we con-
struct a one-dimensional nonorthogonal localized basis span-
ning the eigenspaces of the corresponding one-dimensional
Hamiltonians. We then construct the Tucker-tensor basis using
the tensor product of these one-dimensional localized basis
functions. The discrete Kohn-Sham eigenproblem is subse-
quently computed by projecting the continuous problem onto
the space spanned by this Tucker-tensor basis, where all the
operations are conducted using tensor-structured algorithms.
The eigenspace corresponding to the occupied states of the
discrete Kohn-Sham Hamiltonian is computed by Cheby-
shev filtering followed by the computation of nonorthogonal
localized wave functions (represented in the Tucker-tensor
basis) spanning the eigenspace. The relevant quantities such
as the density matrix, the electron-density, and the band
energy are computed via Fermi-operator expansion of the
subspace-projected Hamiltonian onto the space spanned by
the nonorthogonal localized wave functions.

The proposed Tucker-tensor approach constructs a lo-
calized tensor-structured basis adapted to the Kohn-Sham
Hamiltonian in every SCF iteration and consequently deviates
significantly from the usual fixed spatial basis sets currently
employed in DFT calculations. The complexity estimates
suggest that the proposed algorithm scales linearly with system
size if the discretized matrices in the localized Tucker-tensor
basis and the localized wave functions are sufficiently sparse
(realized for large-scale materials systems). Even in the case
where the sparsity is not realized, like relatively smaller
materials systems, reduced-order scaling with system size is
obtained if the Tucker-rank remains only weakly dependent
on the system size.

In order to assess the accuracy and performance of the
proposed Tucker-tensor algorithm, we conduct benchmark
pseudopotential calculations on both metallic and insulating
systems. In all our benchmark studies, we observe an ex-
ponential convergence in the ground-state energy with the
Tucker rank. Further, we find that the number of Tucker-
tensor basis functions required to obtain chemical accuracy
grows sublinearly with the system size, both for metallic and
insulating systems. Interestingly, the Tucker rank, and hence
the number of Tucker-tensor basis functions, was insensitive
to significant perturbations in the electronic structure—such
as those resulting from introducing random vacancies in a
nanocluster. The computational time for these benchmark
calculations suggests a close to linear-scaling complexity with
respect to the system size for both metallic and insulating
systems, which is closely related to the sublinear dependence
on the number of Tucker-tensor basis functions with the
system size. In the limit of very large system sizes, the
required number of Tucker-tensor basis functions will scale
linearly with system size. However, a sufficient increase in
the system size renders the matrices involved in the proposed
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algorithm sparse, owing to the locality in the Tucker-tensor
basis and the wave functions, which in turn results in a linear-
scaling computational complexity of the proposed approach.
A comparative study of the proposed approach on modest-size
benchmark calculations suggests that the number of Tucker-
tensor basis functions required to achieve chemical accuracy
is about five times lower than the number of plane-wave basis
functions, and offers about a three to fourfold computational
speedup compared to plane-wave discretizations.

The remainder of this article is organized as follows. We
begin by recalling some fundamentals of tensor-structured
techniques in Sec. II, followed by the real-space formulation
of the Kohn-Sham density functional theory in Sec. IIIL.
We then discuss the proposed Tucker-tensor algorithm for
Kohn-Sham DFT in Sec. IV followed by the numerical results
on benchmark problems in Sec. V. We conclude with an
outlook on future developments in Sec. VI.

II. LOW-RANK TENSOR APPROXIMATIONS

Tensors, when represented efficiently by a small number of
parameters, have significant advantages in terms of reducing
the storage and computational costs in a variety of applications.
For convenience, we recall here some fundamental concepts
of the tensor-structured methods and refer to [39,42—44] for
a comprehensive review. For convenience, we restrict our
presentation here to tensors of order three.

Let A be a real-valued tensor of order three,

A= (a,»lim) (S V, (1)

where (i1,i»,i3) € xizllk with nonempty finite index sets [,
L, I C N,and V := XIBc:le with V; := Rl

The simplest decomposition of a given tensor is the
canonical decomposition [44], given by a linear combination
of rank-1 tensors

R
A~ AR =3V evPev?,

i=1

@

where {vi(k)}iR:l is a set of orthonormal vectors for k =
1,2,3. The parameter R in the decomposition is called the
canonical rank of the tensor approximation. The storage cost
of the tensor A in the canonical representation is O(R n),
where n := max—; 23 || denotes the univariate grid size.
However, the computation of this decomposition is a NP-hard
and ill-posed problem [47]. Fast and stable algorithms for
reducing arbitrary full-size tensors to the canonical format
with controlled accuracy are lacking.

On the other hand, robust algorithms for the representation
of the full-size tensors in the rank-structured Tucker-tensor
format are available, and thus this is the preferred tensor-
structured format in this work. The rank (r,r,,r3)-Tucker
representation (approximation) of A is given by

I 2 r3

W) g @ g ()
AT =220 ) By ®v @)

Li=1lhL=1l=1

3

In Eq. (3), for each k € {1,2,3}, {Ul(kk)}]g[kgyk constitutes an
orthonormal basis of T := span; ¢ <, vl(kk) with dim T}, = ry.
The coefficients tensor B := (B,1,;,) € R"*"™2*" is called the
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core tensor. As shown in Ref. [41], the Tucker approximation
error of the electronic structure of molecular systems decays
exponentially with increasing Tucker rank r 1= maxy=1 2.3 I'-
Further, the overall storage cost of A® is bounded by 3 +
3rn. Since usually r < n, this leads to an impressive data
compression [41,45]. Furthermore, A® canbe computed from
A by a minimization procedure,

A = argmin | A — A%,

A

€7,

“

where || A||r = 1/tr(AT A) is the Frobenius norm. One method
for solving the minimization problem in Eq. (4) is the
alternating least squares (ALS) algorithm [44], and we refer
to [40,43] for other algorithms.

The Tucker-tensor approximation discussed above becomes
unattractive in higher dimensions due to the exponentially
growing memory requirements for storing the core tensor
when dealing with larger dimensions. This has motivated
alternative tensor structured formats like tensor trains (TT)
[48,49], wherein a d-dimensional tensor A = (@i iyi,..i,) 1S
approximated as

2

o],00, ,0g—1,0q

ch G@ G

oy Tarian Tt T agia?

A &)

where auxiliary indices o vary from 1 to r, and r; are
called compression ranks or simply TT ranks. The basic
arithmetic and storage involved in the TT approach is linear
in dimension d and polynomial in r = max; ry. We also note
that more-general tensor decomposition approaches like the
hierarchical tensor representation [50-52] and tree tensor
network states [53,54] have been proposed to reduce the
computational complexity and storage costs of the tensor-
structured representations.

In this work, as explained in Sec. IV, we focus on
developing a methodology to compute a Tucker-tensor basis
that effectively represents the single-electron wave functions
spanning the occupied eigenspace of the Kohn-Sham Hamil-
tonian. We restrict ourselves in this work to the Tucker-tensor
format since the single-electron wave functions are functions
in a three-dimensional space where the Tucker-tensor format
is efficient. Furthermore, the underlying representation of the
Tucker-tensor format provides a convenient way of computing
the Galerkin projection of the continuous Kohn-Sham problem
into the computed Tucker-tensor basis as discussed subse-
quently.

III. THE KOHN-SHAM DENSITY FUNCTIONAL THEORY

In Kohn-Sham density functional theory (DFT) [2,55], the
variational problem of evaluating the ground-state properties
of a given materials system consisting of N, electrons and
N, atomic nuclei located at R = (Rj)i<j<n, 1S equivalent
to solving the nonlinear eigenvalue problem for N > N./2
smallest eigenvalues

(—3V2 + Ver (. R)) Y = €, (6)

where €; and v; denote the eigenvalues and the corresponding
eigenfunctions (canonical single particle wave functions) of
the Hamiltonian, respectively. In the present work, for the
sake of simplicity, we discuss the formulation in a nonperiodic

i=12,...,N,
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setting restricting ourselves to spin-independent Hamiltonians.
However, the present discussion as well as the ideas proposed
subsequently can easily be generalized to periodic or semiperi-
odic materials systems and spin-dependent Hamiltonians.

The electron density—a central quantity in DFT—at any
spatial point X = (x,x,x3) in terms of the canonical wave
functions is given by

N
00 =2 fler, WP,

i=1

)

where f(e,u) € [0,1] is the orbital occupancy function, and
w represents the Fermi energy which is computed from the
constraint that the total number of electrons in the system is Ne.
In ground-state DFT calculations, it is common to represent f
by the Fermi distribution f(e,u) = 1/(1 + exp[(e — n)/o]),
which tends to a Heaviside function as the parameter o N\ 0.

In Eq. (6), the effective single-electron potential in the
Hamiltonian is given by

8Ey. OSEy
1Ye) do

= Vie(@) + Vu(o) + Vex(R).

Veff(QaR) =

ext(R)

®)

In the above, Ey. represents the exchange-correlation energy
that accounts for quantum-mechanical interactions between
electrons, and we adopt the widely used local density approxi-
mation (LDA) [56,57]. The Hartree energy, Ey, represents the
classical electrostatic interaction energy between the electrons
and is given by

o(x)o(x) )Q(X) 1
En(o) == / / X'dx= - | Vu(o)o(x)dx.
R3 JR3 |X — X/ 2 R3
)
Finally, V.« (R) denotes the external electrostatic potential

corresponding to the nuclear charges. In this work, we adopt
the commonly used pseudopotential approach, where only
the valence-electron wave functions are computed. The pseu-
dopotential, which provides the effective nuclear electrostatic
potential V. (R) for the valence electrons, is commonly
represented by the operator Vexy = Vioc + Va, Where Vigc
is the local part and V), is its nonlocal part. Using the
norm-conserving Troullier-Martins pseudopotentials [58] in
the Kleinman-Bylander form [59], the action of these operators
on a Kohn-Sham wave function in real space is given by

Na
Ve RY () 1 = Y Vil (x — R (x),

J=1

Na
=Y Chenx—RHAV/ (x—Ry),

J=1 Im

Va (X, R)¥(x) :

(10)
where
AV/(x—R,) :=V/(x—R;) = Vl.(x—R)),

o7 oo SO RNAV/(x — Ry (x)dx
T ol (x—R)AV! (x — R))g], (x — R,) dx

PHYSICAL REVIEW B 00, 005100 (2016)

In the above, V/ (x — R;) denotes the pseudopotential com-
ponent of atom J corresponding to the azimuthal quantum
number [, V,/.(x — R;) is the corresponding local potential,
and ¢; (x —R;) is the corresponding single-atom pseudo-
wave-function with azimuthal quantum number / and magnetic
quantum number m.

For given positions of nuclei, the system of equations
corresponding to the Kohn-Sham eigenvalue problem is

Hyi = €,
2Zf<w> Ne, Q(X)—2Zf(6uu)ll/fl(X)I (11
i=1 i=1
where
H = (=3 V24 Vie@)+ Vi(@)+ Vioe (% R)+ Vi (%, R))..

12)
As the Hamiltonian H depends on o, which in turn is computed
from the eigenfunctions of H, the system of equations in
Eq. (11) is solved by a self-consistent field (SCF) iteration
in a suitable basis. Upon self-consistently, solving the Kohn-
Sham eigenvalue problem, the ground-state energy is given
by

N
Fo =2 fleme + /R [Ew(0) ~ Vilololdx
i=1

Na

1
_E/ oVu(e)dx + > Z

1,J=1
1#7

217,
IR, —Ry|

Therein, the last term on the right denotes the nuclear-nuclear
repulsive energy Ezz with Z; denoting the valence charge of
the /th nucleus.

IV. TUCKER-TENSOR ALGORITHM FOR DFT

We now present a Tucker-tensor algorithm for the solution
of the Kohn-Sham equations that has reduced computational
complexity in comparison to conventional approaches. In
every cycle of the SCF iteration, the proposed algorithm
provides a prescription to compute a nonorthogonal locally
adapted Tucker-tensor basis using a separable approximation
of the Hamiltonian. The Kohn-Sham eigenvalue problem
is subsequently solved by projecting the problem onto the
span of this computed Tucker-tensor basis, and by com-
puting the eigenspace corresponding to the occupied states
using Chebyshev filtering techniques. Let o™ denote the
input electron density to the n'* SCF iteration and H" =
H(0™(x),R) be the corresponding Hamiltonian. The proposed
Tucker-tensor algorithm consists of the following key steps
with specific details discussed subsequently. (1) Construct
a separable approximation of the Hamiltonian by using one
of two proposed competing variational methods (outlined
below),

Hy +Hy +H, ~H". (13)

(2) Compute r; one-dimensional eigenfunctions for H,,
'H,, H represented on a finite element grid, and subsequently
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employ a localization procedure to evaluate nonorthogo-
nal localized basis functions spanning the eigensubspaces
in each spatial dimension. (3) Compute a nonorthogo-
nal localized Tucker-tensor basis TZ := = (T, k)1<, jk<rg @S
the tensor-product of the one-dimensional locahzed basis
functions of step 2. (4) Compute the projection Hj of H"
onto T*. (5) Employ Chebyshev filtering to compute the
approximate occupied eigensubspace of Hj corresponding
to the lower end of the eigenspectrum comprising of oc-
cupied states and a few unoccupied states above the Fermi
energy. Subsequently, localize the Chebyshev filtered wave
functions by utilizing a nonorthogonal localization procedure
as described in Ref. [34]. (6) Project Hj onto the occupied
eigensubspace of H, represented by the localized Chebyshev
filtered wave functions. Employ a Fermi-operator expansion of
this subspace-projected Hamiltonian to compute the relevant
quantities of interest such as the density matrix, the output
electron-density and the ground-state energy. Then proceed
with the SCF iteration.

We now begin to discuss various details of the proposed
algorithm. Let the domain be cuboidal, i.e., @ = x}_, w; with
one-dimensional bounded real sets wy, and enclose the com-
pact support of the Kohn-Sham wave functions. We discretize
wi by using isoparametric 1D finite elements, and represent
functions on wy by using finite element basis functions—the
piecewise polynomial functions constructed from the finite
element discretization [60]. We denote by n; (for k = 1,2,3)
the dimension of the finite element space discretizing wy, of,
in other words, the number of finite element basis functions in
each spatial dimension k. In the present work, we use a higher-
order finite element discretization with polynomial degree
p > 2. We note that, while the ideas presented in this work are
equally applicable to any basis, the choice of the finite element
basis is motivated by the locality of the basis and its adaptive
capability.

Given the input electron density to the n'" SCF iteration,
0™(x), we begin by computing the local effective potential
on €2,

VI (x) i= Vi@ (X)) + Vu(@™ (X)) 4+ Vioe®).  (14)

We note that the evaluation of Vg [cf. Eq. (9)] involves the
computation of a 3D convolution integral. To this end, for
chosen rank r, € N and X' = (x{,x5,x}), we first compute the
rank-r, Tucker-tensor decomposition of the density 0™ (x)
as

0" (x) ~ Zo,ﬂ",ﬁgf”kx )0 (x5 (x5).
i,j.k

15)

Next, we approximate the kernel |x —x'|~! by a series
of Gaussians (see Ref. [61], where also the values of
ap, B, are tabulated), and obtain for a rank parameter
T € N,

—Bplr1=x1)? ,=Bp(2—x)) ,=Bp(x3—x3)*

(16)

1 T
|x — X'| ~ Zape

p=1

PHYSICAL REVIEW B 00, 005100 (2016)

Thus the computation of Vi(0™) reduces to the computation
of a series of 1D convolution integrals, as

")

Via("(x)) = f x—x ¢
~Z%Zof;2[/ o i

p=1 i,j.k

Xf 0! (xpe = dx)
(2}

w3

Upon evaluating Vi, we compute V) given by Eq. (14).
Further, to aid the evaluation of terms arising in subsequent
computations, we compute the rank-r, Tucker-tensor decom-

a7

position of V. elf‘}", denoted by Vel?fc(x). For the same reason,

by evaluating the rank-r, Tucker-tensor decomposition of
the atom-centered pseudopotential and pseudo-wave-function
components, we compute the tensor-structured approximation
of the nonlocal part of the pseudopotential operator and denote
this by an(x R).

A. Separable approximation of "

We now explain step 1 of the Tucker-tensor algorithm in
more detail and present two methods to compute the additive
separable approximation of H". One of the proposed methods
is based on a rank-1 approximation of the eigenfunction
corresponding to the lowest eigenvalue of the Kohn-Sham
Hamiltonian, while the second method involves an additive
separable approximation of the Kohn-Sham potential Vg.
While the first method is applicable to both local and
nonlocal pseudopotentials, the latter is restricted to local
pseudopotentials, only.

a. Method 1. Rank-1 decomposition of wave functions. We
start with the ansatz for the eigenfunction,

3
Y = [ [ vCxo),

k=1

(18)

and denote by X the function space of all one-time (weakly)
differentiable rank-1 functions in €2. The problem of comput-
ing the smallest eigenvalue of the Kohn-Sham Hamiltonian
[Eq. (12)] in the function space X is equivalent to the
variational problem

I]/}lei}r(l L), 19)

with the Lagrangian

% / Z 10, ¥ (xp)I? Hw (xg)

q=1
q9#p

L) :=

3

2(VEe ) + ) [T vee)
k=1

3 3
+2[ [ VxR | vfkm)} dx

k=1 k=1
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Here, X is a Lagrange multiplier corresponding to the constraint
3
[T wiewda=1. (20)
k=1" @

Minimizers of (19) satisfy the Euler-Lagrange equations

%L—;j'f) =0 for k = 1,2,3. Hence the minimizers i are the
solutions of the one-dimensional problems
L d?> V<) VM)
-—=— +
|: ) dxlg i i i|1ﬁk(-xk)
a
= (»+ —)wk<xk>, e
2mk

where we introduced the one-dimensional quantities

3

v = [ VR0 [Twien dse
Wk j=1
J#k

3
my =[ nlﬂ;(xj)dﬁk»

k=1
J#k

ak:=/
o

NZI
VI Gow@o) =Y > vt v, FinkGa)  with

J=1 Im

Fpltn) = / ol x—R)AV/(x —R))

3
2 ~
D 0, Y )| Vg (xg) d,
P.q=1
P#4; p.gF#k

3
x [ v dse,

Jik

Vi = / F R Canw () do,
Wk

i= f g x —RHAV! (x —R))g,
Q

x (x — Ry)dx,
with notations
dX| := dxrdxz, dX,:= dx|dxz,
d%; == dx;dxy, = X3, o).

ik
In the above expressions, AV,” and ¢;/ denote the rank-r,
Tucker-tensor decomposition of AVIJ and gol{n, respectively.
We note that the integrals involved in the above expressions
reduce to a product of integrals in one dimension owing to
the tensor-structured representation of all field quantities, thus
rendering the computational complexity of evaluating these
terms very low.

The minimizing functions ¥ (x;) obtained from the self-
consistent solution of (21) are fixed to construct the one-
dimensional potentials V/* and V. The eigenfunctions of the
resulting one-dimensional Hamiltonians in Eq. (21) are then

PHYSICAL REVIEW B 00, 005100 (2016)

used to construct the Tucker-tensor basis after localization, see
Sec. IV B below.

b. Method II. Weighted residual minimization. In this
method, which is restricted to local pseudopotentials, we
construct an additive separable approximation of Velffc by
solving the weighted residual minimization problem

3 2
/Q w(x)[vgg%x)—zw“(m} dx, (22)

=1

min
Ve L (wy) 1<k<3
where w(x) € L*(2) represents a nonnegative weight func-
tion. We then construct the ozne-dimensional Hamiltonians
for k =1,2,3 as Hy := —%% + V°(x;) resulting in the
k
one-dimensional eigenvalue problems

Hiri = ex,ibki-

The weight is chosen as w(x):=[0"(x)|* with a:=1 to

(23)

penalize the error in the separable approximation of V1$(x) in

the vicinity of atoms where the electron density is higher in
comparison to the regions far away from the atoms.

B. Construction of a 3D Tucker-tensor basis T’

The methods outlined in Sec. IV A provide a systematic
approach to constructing an additive separable approxima-
tion to the Kohn-Sham Hamiltonian. Solving the eigenvalue
problems [Eq. (21) for method I or Eq. (23) for method
II], we compute the eigenfunctions associated with the one-
dimensional Hamiltonians in each spatial dimension. We re-
mark that the one-dimensional eigenfunctions thus computed
form a complete basis for admissible functions on each wy.
In the discrete numerical setting, we compute ry,, 7q,, 4
eigenfunctions corresponding to the lowest eigenvalues of the
one-dimensional Hamiltonians in x;, x», x3 spatial directions,
respectively. For the sake of notational simplicity in presenting
our ideas, we assume rg, = rq, = rg, =: rq. We denote by
(&k.i)1<i<r, the eigenfunctions in the direction k spanning the
space V' for k = 1,2,3. The three-dimensional Tucker-tensor
basis for the Kohn-Sham DFT problem can thus be constructed
as a tensor product given by

T = {Tapchi<abe<rs = 161,052,083, ch1<abery- (24)

However, the eigenfunctions (& ;)i<i<r, have a global support
on wy, thereby rendering the support of the corresponding
three-dimensional Tucker-tensor basis global on 2. The global
nature of these functions results in dense matrices for the
Kohn-Sham DFT problem, which is not desirable. To this end,
we construct a localized representation of the Tucker-tensor
basis {Tupc}i<a.b.e<r, by localizing the 1D eigenfunctions
(&k.i)1<i<r, around the atomic locations in each of the spatial
directions x; for k = 1,2,3. Various localization procedures
employing nonorthogonal localized functions [37,62—-64] have
been proposed in the context of electronic structure calcula-
tions, which have better localizing properties than orthogonal
functions. In the present work, we adopt the weighted L>
localization technique proposed in E et al. [46] to construct
the localized 1D basis-functions spanning the eigenspace
Vi for k = 1,2,3. However, we note that other localization
procedures such as those proposed in Ref. [65] can also
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be used. We obtain the localized basis by solving for each
k = 1,2,3 the minimization problem

argmin
PV, llg)=1

/ W) el . (25)

Here, w(x;) > 0 is chosen to be a smooth weighting function
of the form |x; — by, |2, and b;, denotes a localization center.
Such a choice of w(x;) minimizes the spread of the basis-
functions from a localization center. In the present work, the
localization center by, is chosen to be the k'™ direction atom-
coordinate R;, corresponding to the I atom for k = 1,2,3.
Let r;, denote the number of localized functions we desire
to compute at every atom-coordinate R;, . Representing the
localized function as
T'd
Pl) =D i) € V4,

i=1

(26)

the minimization problem in Eq. (25) is equivalent to solving
the generalized eigenvalue problem in each spatial direction k
for the smallest r;, eigenvalues,

Gra = ra, (27)

where fori,j = 1,...,rg
2
Gllj = / X — Ry |” i) & (i) dx . (28)
Wi

In the present work, we choose 7;, corresponding to the 1"
atom such that ), rj, = r,,. We note that we can rewrite G
in Eq. (28) in matrix notation as

G = LIK}'L,, (29)

where (-)7 is the matrix transpose, the columns of the matrix
L, correspond to the finite element nodal values of the

eigenfunctions {&x1(xx). &k 2(xk), - - - 8., (x1)}, and
: 2

(KL, = / i — Ri P NN,y d. (30)

with N; denoting the finite element basis function correspond-
ing to node i.

Upon solving Eq. (27) for each [I;, we represent the

computed localized one-dimensional functions spanning V'

by (¢k.i)1<i<r,- Thus the three-dimensional localized Tucker-

tensor basis functions for solving the Kohn-Sham DFT
problem are constructed to be

TL = {TaLbC}lga,b,cgrd = {¢l,a¢2,b¢3,c}lga,b,cérd~ (31)

In practice, we use a truncation tolerance to achieve a compact
L
support for (¢ i )1<i<r,» and consequently for {7 ; }i<a,p,c<ry-

C. Discrete Kohn-Sham eigenvalue problem

The projection of H" onto xi:, Ve, denoted by Hj,
expressed in the localized Tucker-tensor basis T’ is given by

—1
(Hz)(ijk).(abc) = Z <th‘k|T[f‘qr> (T[ler|Hn|TalZ)c)'
p.q.r

(32)

We note that it is convenient to approximate the Kohn-Sham
potential V. [Eq. (8)] using a Tucker-tensor decomposition,

PHYSICAL REVIEW B 00, 005100 (2016)

which reduces all integrals involved in Eq. (32) to products
of one-dimensional integrals, and is used in the present work.
The discrete Kohn-Sham eigenvalue problem in the localized
Tucker-tensor basis is given by the nonHermitian standard
eigenvalue problem

AHY, = 'y, (33)
with H := M~'H, where H denotes the discrete Hamiltonian
matrix with matrix elements Hyy and M denotes the overlap
matrix arising because of the nonorthogonality of the localized
Tucker-tensor basis functions with matrix elements My for
subscripts IJ € x3_,{1,...,rs}. By €' we denote the i
eigenvalue corresponding to the discrete eigenvector W; in
Eq. (33) expressed in the localized Tucker-tensor basis TF.

The matrix elements My and Hjy are given by

My : = / TiE(x) T} (x) dx, (34)
Q
Hy : = % / VTE(x)-VTEx)dx + / TEX) VI X) T (x)dx
Q Q

+ / TV R)T}-(x) dx, (35)
Q

- o~

with V)¢ and V; denoting the rank-r, Tucker-tensor decompo-

sitions of Velf‘}c and Vy, respectively. As a consequence of apply-

ing the Tucker-tensor decompositions Vclf‘}c and V,, the right-
hand sides of (34) and (35) reduce to a tensor-structured format
involving one-dimensional integrals. Thus the computational
complexity associated with the computation of the discrete
Hamiltonian and overlap matrix in Egs. (34) and (35) is evalu-
ated to be O(r2 n) + OF8) + O@r3r n) + O Srd), withn :=
maxy 1y relating to the number of nodes in the one-dimensional
finite element mesh (univariate grid size). However, as we
use a localized Tucker-tensor basis, by exploiting the locality
in the basis functions, the computational complexity of
evaluating the matrix elements reduces to O(c'/*n) + O(c) +
('3 rfn) + O(c rg), where ¢ denotes the maximum number
of nonzero entries in the matrices H and M. Finally, the inverse
overlap matrix M~! involved in the computation of H is eval-
uated using a scaled third-order Newton-Schulz iteration [66].

D. Computation of the DFT ground-state energy

a. Chebyshev filtered subspace iteration. An approximation
to the eigenspace of the discrete Kohn-Sham eigenproblem
in Eq. (33), spanned by N > N./2 lowest eigenfunctions, is
computed by using a Chebyshev-filtered subspace iteration
(ChFSI) technique [67]. We refer to Refs. [19,34] for the details
of its implementation in the context of finite element dis-
cretization. The ChFSI technique exploits the rapid growth of
Chebyshev polynomials in (—oo, — 1) to magnify the relevant
eigenspectrum, and thereby providing an efficient approach
for the solution of the Kohn-Sham eigenvalue problem.

In each iteration of the SCF procedure, the action of a
Chebyshev filter on a given subspace is accomplished by
the recursive construction of the Chebyshev polynomial of
the discrete Hamiltonian together with its action on the
subspace. This involves matrix-vector multiplications between
the discretized Hamiltonian H and the vectors obtained during
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the course of the recursive iteration. We note that, if the
discretized Hamiltonian is sufficiently sparse and the vectors
obtained during the process of recursive iteration of the
Chebyshev filtering procedure are sparse, the computational
complexity of the relevant matrix-vector multiplications scales
as O(N).

b. Localization and truncation. Developing a localized
representation of the wave functions spanning the occupied
eigenspace is one of the key ideas that has been exploited
in developing reduced-order scaling algorithms [33,34], and
is also employed here. We use the algorithm developed in
Ref. [34] to construct a nonorthogonal localized basis of the
subspace spanned by Chebysheyv filtered wave functions. We
recall the main ideas and present them in the context of
the Tucker-tensor basis for the sake of completeness. The
localized basis of the subspace spanned by the Chebyshev
filtered wave functions, henceforth referred to as the localized
Chebysheyv filtered basis, is obtained by solving the generalized
eigenvalue problem for the np smallest eigenvalues for every
atom P,

W' o = ASa, (36)
where forl,m =1,...,N
Wi = / x — Rp* ¢ (%) ¥ (x) dx, (37a)
Q
S : = / Wi 0 ¥ dx, (37b)
Q

and n p denotes the number of localized functions we desire to
compute at every atom centered at Rp = (Rp,,,Rpy,, Rpx,).
The number np is chosen to be equal to the number of
occupied single atom orbitals corresponding to the Pth
atom; « is a vector containing the coefficients corresponding
to the linear combination of Chebyshev filtered functions
{wlf(x),wzf x), ... ,WZC(X)}. The matrix W can be recast in
matrix notation as

w? =LTK"L, (38)

where the columns of the matrix L correspond to the coeffi-
cients of the Chebyshev filtered wave functions expressed in
Tucker-tensor basis, and with

Kl = / Ix — Rp|* T*(x) T (x) dx. (39)
Q

Let K° denote the matrix in Eq. (39) for a reference atom
located at Ry. We note that the matrix K” for any P can be
represented in terms of K as

3
K” =K’ + Ry — Rp|’"M+2 ) " (Roy — Rpy,)B¥, (40)
k=1

where
K’ := (K{,0,,0;5) + (01,K3,05) + (0,,0,.K3),
M :=(01,0,,05) , B" :=(B1,02,03),
B® :=(01,B,,03) , B® :=(0;,0,,B3),
with the notation (X,Y,Z) . =XQ® Y ®Z,

PHYSICAL REVIEW B 00, 005100 (2016)
and [with ¢y ; as in Eq. (31)]

(KY),, = f (xk — Row ) ri ()i (i) dxi,

ij

Oij = bGP, j(xr) dxg,

Wi

32/ (xk — Rox,)br.i (i) j (xi0) dxy

(41)

(Br)ij

for k = 1,2,3. Thus W?, for any atom P, can be evaluated as
a linear combination of five matrices independent of the atom
P, where the integrals involved in each of the matrices can
be evaluated as the product of one-dimensional integrals. We
note that the matrices Kg, Oy, and By, are sparse owing to the
locality of the Tucker-tensor basis T%, thereby rendering K”
sparse. Further, we truncate the wave functions involved in
the computation of L using a truncation tolerance, rendering
L sparse. Thus the computational complexity involved in the
construction of W? for all atoms P = 1,...,N, scales as
O(N). Using the eigenvectors a from the solution of the
eigenvalue problem in Eq. (36) for each atom P, the linear
combination of the Chebyshev filtered vectors is computed to
construct the nonorthogonal localized wave functions, which
span the Chebyshev filtered space. We refer to these localized
wave functions which span the Chebysheyv filtered subspace as
the localized Chebyshev filtered wave functions, and denote
them in matrix form by ®;. In practice, we achieve compact
support for these localized wave functions by introducing a
truncation tolerance.

c. Computation of the electron-density. To compute the
electron-density in a given self-consistent field iteration, we
first evaluate the projection of the Hamiltonian onto the space
spanned by the Chebysheyv filtered wave functions represented
in the basis of the localized Chebyshev filtered functions,
which is given by H* = S™'®7H®, with S = &7 M®, [34].
Furthermore, S™! can be computed in O(N) complexity if S
and S~! are exponentially localized [68]. If the discretized
Hamiltonian H and the matrix & are sparse with a bandwidth
independent of N, H? can be computed in O(N) complexity.

Following [34], the electron-density is given by (cf. Eq. (60)
in Ref. [34])

ox)=2TTx)yM "> &, fH?) ST ITM'’T(x), (42)
where T7 (x) = [T1(x), T»(x), T3(x), ..., T,;(x)] and
1

(o2

fH?) = (43)

with w being the chemical potential, 0 = kg7, and kp the
Boltzmann constant. A Chebyshev polynomial expansion is
used to approximate f(H?)inEq. (43), and if H? is sufficiently
sparse, f(H?) can be computed in O(N) complexity [27].
Furthermore, the computation of the Chebyshev polynomial
expansion requires the evaluation of the Fermi energy 1, which
is achieved by using the constraint

2tr(f(H?)) = N.. (44)

Here, N, is the number of electrons in the given system. The
Fermi energy can be efficiently computed with the methods
described in Ref. [27], which scale as O(N). Finally, the band
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energy required in computing the total energy of the system is
evaluated by

N
Evna =2 fle.p)e; =2 u(fF(H)H?). (45

i=1

V. NUMERICAL SIMULATIONS

In this section, we investigate the accuracy, performance,
and scaling of the proposed Tucker-tensor algorithm for the
solution of the Kohn-Sham equations. As benchmark examples
we conduct pseudopotential calculations on nonperiodic three-
dimensional materials systems representative of both metallic
and insulating systems. The benchmark metallic systems con-
sidered include aluminum nanoclusters of various sizes: single
aluminum atom, aluminum dimer, and nanoclusters containing
1 x1x1 (14 atoms), 2 x 2 x 2 (63 atoms), 3 x 3 x 3 (172
atoms), 4 x 4 x 4 (365 atoms), and 5 x 5 x 5 (666 atoms)
face-centered-cubic (fcc) unit cells. The benchmark insulating
systems include methane molecule and alkane chains CgHg,
C1¢H34, and C33 Hgg. The x, y, and z axes for the Tucker tensor
calculations are chosen as the eigendirections of the moment
of inertia tensor of the atomic system computed using the
atomic locations and atomic masses of the various elements
in the materials system. This provides a systematic approach
of orienting the axis to align with the atomistic system and
improve the efficiency of the Tucker tensor approach. In all our
simulations, we choose the ranks r,, r,, and the number 7' of
terms in the expansion in Eq. (17), such that the approximation
errors are higher-order compared to the discretization errors
of the finite-dimensional Tucker-tensor basis in Eq. (24). In
particular, we choose the ranks

ro=r, =45 T :=35,

and the values of «, and B, are taken from Ref. [61]. Norm-
conserving Troullier-Martins pseudopotentials [58] have been
employed in the case of aluminum nanoclusters and alkane
chains for investigating the performance of method I in the
proposed Tucker-tensor algorithm, while bulk local pseudopo-
tentials [70] are employed for conducting a comparative study
between methods I and II. We use the n-stage Anderson mixing
scheme [69] on the electron density for the self-consistent
field iteration of the Kohn-Sham problem, and employed a
stopping tolerance of 10~ in the square of the L?> norm of
electron density difference between successive iterations. The
Chebysheyv filtered subspace iteration is used with a Chebyshev
polynomial degree of 25 for the computation of the eigenspace
associated with the occupied states. In our current Python
implementation, all the matrices expressed in the Tucker-
tensor basis are parallelized using MPI, and are executed on
a parallel computing cluster with the following specifications:
dual-socket eight-core Intel Core Sandybridge CPU nodes with
16 processors (cores) per node, 64 GB memory per node, and
40 Gbps Infiniband networking between all nodes for fast
MPI communications. However, the ALS algorithm [Eq. (4)]
employed in computing the Tucker-tensor decomposition of
the three-dimensional fields, is not parallelized, thus requiring
the various fields (0, Vi, Vi) on the tensor-structured grid to
be stored locally on every compute node. This has limited the
size of the materials systems considered in the present study.

PHYSICAL REVIEW B 00, 005100 (2016)
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FIG. 1. Convergence of the ground-state energy with respect to
the Tucker rank using local pseudopotential. Case study: aluminum
atom.

The computational complexity of the proposed subspace
projection algorithm relies on the locality of the Tucker-tensor
basis, the locality of the localized Chebyshev filtered wave
functions spanning the occupied space, and the dependence
of the rank r; on the system size. The truncation tolerances
employed in the various stages of the algorithm determine the
sparsity of the matrices in our formulation (H,H?, &, ,S,W”).
In the present study, we use dense data structures for all the
matrices involved, since the truncation tolerances employed in
our simulations resulted in matrices with fraction of nonzero
entries greater than 2% for the materials systems studied.
The overhead cost of using a sparse data-structure at these
density fractions results in more computational inefficiencies
than treating the matrices as dense matrices.

10 T T T T T T
; —e— Aluminum dimer: Method |
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FIG. 2. Convergence of the ground-state energy with respect to
the Tucker rank using local pseudopotential. Case study: aluminum
dimer.
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FIG. 3. Convergence of the ground-state energy with respect to
the Tucker rank using local pseudopotential. Case study: Aluminum
1 x 1 x 1 nanocluster

In the present work, we employ the recently developed
real-space approach for Kohn-Sham DFT calculations using a
higher-order finite element basis [19,34] to provide reference
energies to assess the approximation errors in the ground-state
energies obtained with the proposed Tucker-tensor approach.
These reference energies are converged up to 0.1 meV in the
ground-state energy per atom with respect to discretization and
other numerical parameters.

A. Metallic systems

We first conduct a comparative study between the two
methods of constructing the separable Hamiltonian which
were proposed in Sec. IV A. To this end, we employ bulk
local pseudopotentials [70] to conduct simulations on three

——Aluminum 1 atom

—&— Aluminum dimer

Relative error in energy

10790 20 30 40
Tucker rank (rd)

50

FIG. 4. Convergence of the ground-state energy with respect to
the Tucker rank for nonlocal pseudopotential using method I. Case
study: aluminum atom and dimer.
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FIG. 5. Convergence of the ground-state energy with respect to
the Tucker rank for nonlocal pseudopotential using method I. Case
study: aluminum nanoclusters.

benchmark examples consisting of a single aluminum atom,
aluminum dimer, and an aluminum nanocluster containing
1 x 1 x 1 (14 atoms) fcc unit cell with a lattice constant of
7.45 a.u. For each of these benchmark systems, the relative
error in ground-state energy is computed as a function of the
Tucker rank ry, and is plotted in Figs. 1-3. The results show that
both methods of computing the separable Hamiltonian provide
similar accuracies in the ground-state energies. Further, there
is an exponential convergence in the ground-state energy
for increasing Tucker ranks. We also note that the Tucker
rank required to achieve chemical accuracy (~5 meV in the
ground-state energy per atom) is weakly dependent on the
system size: ~25 for single atom, ~30 for dimer, and ~32 for
1 x 1 x 1 aluminum nanocluster.

We next employ method I for computing the separa-
ble Hamiltonian while using the norm-conserving Troullier-
Martins pseudopotentials [58] in the Kleinman-Bylander form
[59]. The convergence of the ground-state energy with the
Tucker rank is examined for the benchmark systems compris-
ing of single aluminum atom, aluminum dimer, and aluminum
nanoclusters containing 1 x 1 x 1 (14 atoms), 2 x 2 x 2 (63
atoms), and 3 x 3 x 3 (172 atoms) fcc unit cells with a
lattice constant of 7.45 a.u. Figures 4 and 5 show these
results which indicate an exponential rate of convergence

TABLE I. Ground-state energies per atom (eV) for various sizes
of aluminum nanoclusters computed with the proposed algorithm.

Al cluster Tucker rank Energy Ref. energy
Ix1x1 45 —55.80965 —55.81430
2x2x2 49 —56.45924 —56.46504
3x3x3 53 —56.69260 —56.69669
4x4x4 57 —56.80104 —56.80561
4x4x4

with 5 vacancies 57 —56.76531 —56.76964
5x5x5 60 —56.87367 —56.87822
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FIG. 6. Computational CPU-time per SCF iterationfor 1 x 1 x 1
to 5 x 5 x 5 fcc Al nanoclusters.

of the ground state energy with increasing Tucker rank.
Furthermore, the number of basis functions, ”3’ required to
obtain chemical accuracy in the ground-state energy, for the
case of nonlocal pseudopotentials, grows sublinearly with
system size as O(N%22) for the range of systems studied—with
Tucker rank r; being ~33 for single atom, ~41 for dimer,
and around 45, 49, and 53 for 1 x 1 x 1, 2 x2 x 2, and
3 x 3 x 3 aluminum nanoclusters, respectively. Moreover, we
obtained ground-state energies within chemical accuracy for
4 x4 x4and5 x 5 x 5nanoclusters using the Tucker-tensor
basis with Tucker ranks of 57 and 60, respectively. We also
introduced 5 random vacancies in the 4 x 4 x 4 nanocluster
and found that the ground-state energy within chemical
accuracy is obtained with a Tucker basis of rank 57 even
for this system. The ground-state energies computed with the
proposed Tucker-tensor algorithm are tabulated in Table I, and
are within chemical accuracy of the reference energies. This
demonstrates the effectiveness of the computed Tucker-tensor
basis in accurately representing the electronic structure of
materials systems with varying sizes and complexity.

The computational CPU times per SCF iteration for each
of these systems is plotted against the number of electrons
in Fig. 6. All computational times reported in this study
denote CPU times in hours (CPU time = number of cores
x wall-clock time in hours). The scaling with the system

TABLE II. Comparison of the proposed Tucker-tensor approach
with plane-wave basis for a 3 x 3 x 3 FCC Al cluster. Reference
ground-state energy for this system is —56.69669 eV per atom.

Type of Number of Absolute error in
basis basis energy per Time
set functions atom (meV) (CPU hrs)
Plane-waves basis

(cutoff energy 20 Ha;

cell size 60 a.u.) 461,165 3.8 910
Tucker basis 148,877 4.1 360

PHYSICAL REVIEW B 00, 005100 (2016)

TABLE III. Comparison of the proposed Tucker-tensor approach
with plane-wave basis for a 5 x 5 x 5 FCC Al cluster. Reference
ground-state energy for this system is —56.87822 eV per atom.

Number Absolute
Type of of basis error in energy Time
basis set functions per atom (meV) (CPU hrs)
Plane-waves basis
(cutoff energy 20 Ha;
cell size 80 a.u.) 1,093,421 4.3 8640
Tucker basis 216,000 4.6 2364

size for the aluminum clusters is found to be O(N'?). It is
remarkable that we obtain close to linear-scaling complexity
even for metallic systems with the proposed Tucker-tensor
algorithm for the range of systems studied. Albeit using
dense data structures in our computations, we obtain close
to linear-scaling complexity due to the sublinear dependence
of the number of Tucker-tensor basis functions on the system
size. We expect that in the limit of very large system sizes, the
number of Tucker-tensor basis functions will grow linearly
with the system size. However, the increase in system size
renders the matrices involved in the proposed algorithm sparse,
owing to the locality in the Tucker-tensor basis and the
localized Chebyshev filtered wave functions. We note that the
complexity estimates for the proposed Tucker-tensor algorithm
(cf. Sec. IV) suggest linear-scaling complexity with system
size for the case of sparse matrices. Thus we expect the close
to linear-scaling computational complexity to also hold in the
limit of large system sizes.

Tables IT and IIT show the comparison of computational time
and number of basis functions for the proposed algorithm using
Tucker-tensor basis and plane-wave basis (ABINIT software
[71]) for the computation of ground-state energy of 3 x 3 x 3
and 5 x 5 x 5 aluminum nanoclusters to within discretization
error of less than 5 meV. The parameters used in the Tucker
tensor calculations (domain size, SCF mixing scheme and
stopping tolerances) have also been used in the plane-wave
calculations for a consistent comparison. These results show
that the proposed Tucker-tensor approach requires a 3-5
times lower number of Tucker-tensor basis functions in
comparison to the number of plane-wave basis functions.

FIG. 7. Electron-density contours on the midplane of 4 x 4 x 4
fce nanoclusters.

005100-11

8l

o

8

810

8

1

8

2

813

814

815

8

6

817

8

8

819

820

8.

N

1

8.

N

2

8.

N

3

824

825

826

8

N

7
828
829
830
831
832

8.

@

3

834

835

836

837



XK10239B

838
839
840
841
842
843
844
845
846
847

848

849

850
851
852
853
854
855
856
857
858
859
860
861

862

PRB February 14, 2016 4:44

PHANI MOTAMARRI, VIKRAM GAVINI, AND THOMAS BLESGEN

10
—6— Methane molecule
1 —g-Alkane: CH._ o
> 10 + -a—Alkane:C,  H,,
@
&, -2
c 10 ¢ £
S
o, -3
[0 10 E 3
=
©
0] _
107"
-5
10 I I I
0 20 60

40
Tucker rank (rdx)

FIG. 8. Convergence of the ground-state energy with respect to
the Tucker rank (r,, ) for the insulating benchmark systems.

The computational times for the proposed methodology and
the current nonoptimized implementation are also lower than
the plane-wave implementation in ABINIT by a factor of 2.5
in the case of 3 x 3 x 3 aluminum nanocluster and by a
factor of 3.7 in the case of 5 x 5 x 5 aluminum nanocluster.
Further optimization of our in-house code may lead to more
significant speedups than the factors reported here, and may
provide significant savings in the computational times for
large-scale DFT calculations. Figure 7 shows the electron-
density contours on the mid-plane of a 4 x 4 x 4 nanocluster
computed with the proposed Tucker-tensor approach.

B. Insulating systems

We consider three-dimensional alkane chains as our bench-
mark systems, including CHy (methane), CgH;g, Ci¢Haq,
and C33Hgg. We use norm-conserving Troullier-Martins pseu-
dopotentials [58], and method I for computing the separable
approximation of the Hamiltonian. We orient the alkane chains
along the x direction and use C-C and C-H bond lengths to
be 2.91018 and 2.0598 a.u. with the H-C-H and C-C-C bond
angles taken to be 109.47°. Figure 8 shows the convergence
of the ground-state energy with increasing Tucker rank r,.
For these simulations, we choose ry4, = ry; = 46 for methane
and dy =TVdz; = 55 for Cngg, C16H34 and C33H6g. In the
case of alkane chains, the results indicate that the Tucker
rank required to achieve chemical accuracy in the ground-state

TABLE IV. Ground-state energies per atom (eV) for the various
insulating systems computed using the proposed algorithm.

Cluster Tucker rank(r,,) Energy Ref. energy
CH, 46 —43.73506 —43.73892
Cs Hyg 55 —58.77419 —58.77903
Cie Hag 68 —60.49686 —60.50081
Cs3 Hes 85 —61.43695 —61.44174

PHYSICAL REVIEW B 00, 005100 (2016)
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FIG. 9. Computational CPU time per SCF iteration for the
insulating benchmark systems.

energy is—ry, ~ 46 for CHy, ry, ~ 55 for CgHyg, ryy ~ 68
for Ci¢Hs4, and rz, ~ 85 for C33Hgg. Furthermore, the number
of basis functions (rgqxrgyrq;) grows sublinearly with the
system size as O(N%?) for the range of systems studied.
The computed ground-state energies with their Tucker ranks
are tabulated in Table IV. The computational CPU times per
SCF iteration for these systems plotted against the number
of electrons are given in Fig. 9, and the scaling with system
size is found to be O(N'%). Figure 10 shows the electronic
structure—isocontours of the electron density—of CH4 and
CgH]g.

FIG. 10. Isocontours of the electron density of CH, and CgHjg
computed with the proposed Tucker-tensor DFT algorithm.
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VI. SUMMARY

An algorithm for the solution of the Kohn-Sham problem
is presented that exploits the low-rank approximation of the
electronic-structure afforded by Tucker-tensor representations.
A systematic procedure is developed for computing a localized
Tucker-tensor basis adapted to the Kohn-Sham eigenvalue
problem. To this end, in every iteration of the self-consistent
field procedure of the Kohn-Sham problem, a separable
approximation of the Kohn-Sham Hamiltonian is constructed,
and the localized Tucker-tensor basis is computed using the
eigenfunctions of the separable Hamiltonians in each spatial
dimension. The localized Tucker-tensor basis is subsequently
used to solve the Kohn-Sham eigenvalue problem by using
Chebysheyv filtering and Fermi-operator expansion techniques
to compute the occupied eigenspace and the electron-density.
Numerical investigations on representative benchmark exam-
ples reveal an exponential convergence of the ground-state
energy with respect to the Tucker rank. In addition, the Tucker
rank required to obtain chemical accuracy in the computed
ground-state energies is found to only weakly depend on the
system size, with the number of Tucker-tensor basis functions
exhibiting a sublinear dependence on the system size for
the range of benchmark systems considered in this study.
Our benchmark studies suggest further that the proposed
algorithm exhibits a close to linear-scaling complexity with
system size for both insulating and metallic systems. This
reduced-order scaling is a result of combining the low-rank
Tucker-tensor basis with localization techniques, and consti-
tutes a promising direction for large-scale DFT calculations.
A comparative numerical study for 3 x 3 x 3 and 5 x5 x5

PHYSICAL REVIEW B 00, 005100 (2016)

aluminum nanoclusters as benchmark systems shows about
a fivefold reduction in the number of basis functions and
about a three to fourfold computational speedup for the current
implementation of the proposed algorithm over the plane-wave
implementation in ABINIT. We note that there is much scope for
optimizing our current Python implementation, and thus the
computational efficiency afforded by the proposed algorithm
may potentially be much larger. Finally, in the present work,
we used a serial version of the ALS algorithm to compute
the Tucker-tensor decomposition of the three-dimensional
fields, thus limiting the sizes of the materials systems to
those systems where the data corresponding to all relevant
three-dimensional fields is accommodated in the memory
of a single compute node. Overcoming this limitation, and
developing an efficient and scalable parallel implementation
of all aspects of the proposed algorithm has the potential
to enabling DFT calculations on system sizes not accessible
heretofore.
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