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A generalization of Hodges’s method of obtaining the gradient expansion is derived and then employed to
determine the sixth-order term. The formula for it is as follows: T[ p] = (372)~*3/45 36& (e /o) +
2575/144(7°p /p )’ + 249/16(p /p (7 'p /p) + 1499/18(7p /p (/0 /p ) — 1307/36(5p /p fiTp - I /p?) +
343/18 (Jp -FTp/p?) + 8341/72(7% /p)p/p) — 1600 495/2592(/p /p)°ld °r. For atomic densities, T[ p] is

divergent near the nucleus and at large distances.

L. INTRODUCTION

The Hohenberg-Kohn! proof that the ground-state
energy of a system is a universal functional of the
ground-state single-particle density forms the
theoretical basis of the area of research now known
as density functional theory. The Hohenberg-Kohn
theorem is an existence proof and does not in-
dicate the form of this universal functional, but
certain limiting forms are known.2-8

Lieb and Simon® have shown that the Thomas-
Fermi’ energy functional is exact in the limit
Z —-», Some attempts to add corrections to the
Thomas-Fermi functional have led to gradient
expansions—so named because successive terms
in the series involve higher and higher order gra-
dients of the density. Gradient expansions exist
for both the kinetic energy® !° and the exchange-
correlation energy.3-!! Density functionals for
the exchange energy have been successfully em-
ployed in the calculation of the orbitals of nu-
merous systems.!2:13

It follows that if one wishes to perform calcula-
tions involving only the density of a system and
bypass any reference to orbitals and wave func-
tions, a principal concern must be the functional
for the kinetic energy T[p]. Derivations of the
gradient expansion of the kinetic-energy functional
show that it can be written in the form!?°

Tlp]l=Tp]+ T pl+ T [p]+- - -, (1)

where T [ p] is given by the well-known Thomas-
Fermi kinetic-energy functional

Tolp]= ¢ (3n2)2/3 f,o*"/sd"r. 2)

T,[p] is given by one-ninth®:1° of the correction
determined by von Weizsacker,*

Tipl= 4 f (—V[fld% ,' (3)

and Hodges!® determined the fourth-order correc-
tion to be

4

(37r2)"2/3
T4[p] = 540

Sl S
4

Empirical studies'*~!" to determine the quality of
the kinetic -energy functional defined by Eqgs. (1)-
(4) have demonstrated that the gradient expansion
can reproduce the Hartree-Fock kinetic energy
within 1% for most atoms when Hartree-Fock
atomic densities are employed.

The present paper presents the theoretical basis
of the gradient expansion and a sketch of Hodges's
method of evaluating individual terms of the series.
An operator is developed which represents a gen-
eral term generated by Hodges’s procedure, and
the sixth-order correction to the kinetic -energy
functional is explicitly obtained. Finally, some
observations are made on the gradient expansion,
and its limitations are discussed.

II. BASIS OF THE GRADIENT EXPANSION

Thomas-Fermi theory and the gradient expan-
sion can be derived from the Dirac density matrix.
Results to be found elsewhere!®-2° are reviewed
here in order to clarify some points.

The operators used with the density matrix are
reduced to normal form, which results in final
expressions that have a remarkable classical ap-
pearance and interpretation. The normal form
of a quantum-mechanical operator, which is a
function of the momentum and spatial coordinates
of a system, is obtained by commuting functions
of momentum } to the right of functions of posi-
tion. For example, if the operator O (7, p) is given
by

O, p) = pg(?), (5)

where g is any function of #, then O(#, ), the nor-
mal form of O(?, p), is given by

07, p) = =ivg(?) + g(?)p . (6)
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The density matrix of a system can, in principle,
be obtained from the density-matrix operator for
that system. The density-matrix operator o7, p)
is defined by

p(r, B)=f (@), (M
where f is the Fermi-Dirac distribution function,
F@)={1+exp[(F—u)/kT]}*. (8)

Here, % is taken to be a single-particle Hamilton-
ian with potential V,

K=3p2+V, )
where V is treated as a local potential, but for a
system of interacting electrons, V is the self-
consistently determined potential of the system

under consideration.
One may write the eigenvalue equation

5(;, b)pi=a;¢;, (10)
where ¢; is the ith eigenfunction of 3% and
a;={1+expl(E; - n)/kT]} ™, (11)

with E; being the energy eigenvalue associated
with ¢;. Notice that in the limit, as the tempera-
ture T goes to zero, the value of a; becomes unity
if E;< p and zero if E; > p.

The density matrix p(F, ') is usually written as
a sum over the occupied orbitals of a system. For
the particularly simple case of the ground state of
a closed-shell system of 2n electrons, the density
matrix is

p(F, ¥/)=2 f[, SFEN,(F), (12)
=1

where the coefficient 2 indicates that each spatial
orbital is doubly occupied.

With an appropriate value for the chemical po-
tential u of Eq. (8), Eq. (12) may be written

olF, ¥)=21im 5(7, ﬁ,)Z; oFF),(F), (13)
where p, indicates that the momentum operator
acts only on functions of T and not of ¥’. However,
in Eq. (13), it is not necessary to restrict the
summation to the occupied orbitals. Extending the
summation to include all the virtual orbitals and
continuum functions of the system results in

201 (F)e,(F)=0(F -F), (14)
3
where 6(f —T’) is the Dirac delta function.

Representing the delta function in terms of the
free-particle states, Eq. (13) becomes

.. oaa s 1 -,
_g(r, r’)=2 lim p(‘r,P,.)(z—”)—sfeip'(r 3 )dsp. (15)
T-0

Expressing p(7, p,) in normal form, taking it under
the integral and allowing the momentum operators
of p(7,p,) to act on the exponential, one obtains

olF, 7= [lim s, DT Ta%. (6)
T J 10

Here the operators T and P, have been replaced by
the variable T and P, and p(T,P) corresponds to a
classical phase-space distribution.

Quantities of interest are obtained from the
density matrix of Eq. (16) in the usual manner.
For example, the single-particle density p(t) is
given by the diagonal of the density matrix

p(F)=p(F, F)= g5 [ lim A(F, D). an
ndY

The explicit form of p(T, D) is a series involving
products of the momentum P and gradients of the
potential V of the Hamiltonian of Eq. (9). Neglect-
ing all but the zeroth-order term of p(%, ), i.e.,
the term involving no gradients of V, and carrying
out the integration indicated in Eq. (17), the
Thomas-Fermi relationship between the density
and potential is obtained,

p(F) =g {2l = V. (18)

I1I. HODGES’S METHOD

Hodges'® has developed a method, suggested by
Kirzhnits,® for obtaining the normal form of the
density-matrix operator as a series in ascending
powers of the gradient operator, in the limit of
zero temperature.

First, f(3C) is expressed as a Fourier integral

0= f C(7) expl )T (19)

The exponential is placed in normal form by writ-
ing
exp(i'rﬁf?) = exp(i'rf})le exp(i TP2/2) , (20)

and a differential equation for the normal form of
K is obtained,

K =(0,+0,)K. (21)
Here
0,=ip - (V+2VV), (22)
0,= - [V?/24 X(VEV/2+VV - V)
+(22/2)(vVy], (23)
and
A=iT. (24)

In Egs. (21)-(23), P, V, and K are written as
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variables rather than operators because all quan-
tities are now in normal form.

An expression for K is obtained by iteration of
Eq. (21); the leading term of K=1 may be obtained
by taking the classical limit of Eq. (20). The re-
sulting expression is a series of terms of various
orders in V, which can be arranged into a series
in ascending order of the gradient operator by
making use of O, being first order in V, while O,
is second order. For example, the second-order
term in the expansion for K, §, K, is given by

52K=f02+f01 fo,, (25)

and the fourth-order term is given by

q,x:fozfoz+f02folfol+fo,fozfo,
+fo,folfoz+folfo,folfol.

(26)

Quantities of interest are obtained by averaging
p(T,P) over D [Eqgs. (10) and (17)], which results in
there being no contribution from the terms of

p(¥, D) involving odd powers of § and V, so only the
even order terms of p(¥,P) and K need be calcu-
lated. Once the normal form of K has been deter-
mined, A(T,D) is obtained from Eq. (19) by noticing
that each power of XA in the expansion of K intro-

duces a factor of 8/3E acting on f(E).

In general, the integral of the corrections to the
density are not zero, so that if the chemical po-
tential 4 remains constant then the normalization
of the density changes as quantum corrections are
added to p. This requires that corrections to the
free energy

2
50 - uiv= s [ (B v - w)aE Pasatr, @D

be calculated in order to determine the change in
the total energy with the number of particles fixed.

Next, the kinetic-energy functional T[p] is writ-
ten as a series

T{pl=Tolpl+ T,[p]+ T lp]+ - -+, (28)

where T,[p] indicates a functional involving j
powers of V. The density p is written as

pP=p,+0p, (29)

where p, is the Thomas-Fermi density given by
Eq. (18). Equation (29) is substituted into Eq. (28),
which is then expanded about p,. Using the fact
that

6Ty[p]

50 =p=-V(), (30)

p=po

where T,[p] is given by Eq. (2), the relation

2 3
T+ f(V— wopdr=TJ p0]+%f(6—TZQ) (6p)2d% ++- <6—T3—°) (6p)3d% ++ + « + T,[ po]
bp p=0g ) 6p p=0g

2.
+ f (G—Tz) (6p)d% +3 f (g—Tf) (6p)2d%r +++ « +T [ p,) +f (g‘-“-) opd3r+e oo
op p=0q p [ 6p pang

is obtained. By writing 6p=0,p0+06,0++ ++, where 6,p is the ith-order correction to the density, and
equating terms of order j in V, an expression for T,[ po] is obtained. For example,

T [ po] = 6,((30) — uN) —3 f (%)wo(ozp)zdﬂr_ f (

(31)

5—-3) S,0d% . (32)
p nspo

Any gradients of the potential present on the right-hand side of Eq. (32) can be related to gradients of the

density through the use of Eq. (18).

IV. GENERALIZATION

Hodges’s method shows that the correction to K of order 21, §,K, is given by the sum of all possible
products of O, and O, operators which have an overall order of 2I. A typical term involving n0, operators,

located at the positions ¢(1), ¢(2),...

,4(n) in the product, may be represented by P(q(1),4(2),..

., qn)),

Pfa(1),q(2),..., a0 = [o@m [ommn. .. [ owwa fomwm fotamn. .. [ofawm

X fo[zq(l)] fO{"“"”o .. foil) . (33)

Evaluation of the integrals indicated in Eq. (33) is facilitated by expressing Q and O, in terms of simpler
operators. The operator O, may be written
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3 2
0,=i 2 p(k) D N19 G, k) =X p(R)S (), B, (34)
R=1 j=1
where the index % indicates the kth vector component of a quantity
-] .
(1, k)= b, (35)
and
1%
¢(2,k)=8—x—. (36)

k
For brevity, the summations over j and & have been made implicit in the last step of Eq. (34). Similarly,
0, = - 36(k(1), K@M D+ @-29(j(2), R(ENG(j(1), k(1)) . | (87)

Expressing Eq. (33) in terms of the ¢ operators and evaluating the indicated integrals, one finds

1\ Ja1 a(§)-24¢
1),4(2),... =(-1)3{= Ag( AT 3
piam,a, ..., aom= (3 Tf (awon IT7 meon) 38)
where
q(i)=2+4 .
Alg(@)=8[k(q(i)+ 1), k(q(@)+i - V)] [Blg()+ ) -] g | Bo)-ip, (39)
21

Algn+1))= I(I) [B(r)-n]", (40)

raq(n)en+l
B)=Y, j(a), (41)
J=B(21), (42)
q(0)=0, (43)
qn+1)=2l+1-n, (44)

and & is the product of ¢ operators given by
@ =l j(21), k(21)) $(j(21 - 1), k(21 = 1))- - - $( (1), k(1)) (45)

Since the ¢ operators do not in general commute, the product in Eq. (45) must be maintained in the stated
order. Here the convention is being used that
ba

I1z00=1. , (46)
r=a
One can more easily understand the structure of the right-hand side of Eq. (38) by noticing that the factor
A(i) contains information about the products of O, and O, operators of Eq. (33) occupying the positions
q(i-1)+1to q(i). The Kronecker delta occurring in Eq. (39) originated in 0¥ while factors such as
[B(y) =n]™* result from the integration of A raised to the power §(1)+j(2)+ «++jly) =n—1. The values of
the indices of the Kronecker delta, and the other factors making up Eq. (39), are shifted from what one
might first expect; this results from taking into account that a single O, operator is replaced by two ¢
operators.
The task now at hand is to sum P (g(1),...,q(r)) over all allowable values of the ¢’s. Since ¢(i) is the
position of the ith O, operator in Eq. (33), then necessarily q(i)>q(i=1). Also, the largest value ¢(i) may
obtain is 21 - 2n+1, so that the allowed range of ¢(i) is :

gl -1)+1<q(@)< 2l - 2n+i. ' (47)

Equation (38) shows that the part of P,(¢q(1),...,q(r)), which is dependent on the values of the g(i), may
be written as a product of factors, each of which depends on a single q(i). Summations over such a product
may be written )

> 2o 3 I ein=3 e 2 s ;f(gm»{l > . (48)
£(1 [ 4 £(n al £

(1) g(2) £(n) i=1
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Finally, summing P,(q(1),q(2), ...,q(n)) over all values of n, one obtains
! nel q(i)=2+i
Sy K=(-1) ) & )"II( 2 Algay JT p(k(y»)x’-w , (49)
n =0 i=1 \q(i) r2q(i=1)+i

where the range of ¢(¢) is given by Eqs. (43)-(47).

As mentioned in Sec. III, §,,5(F,p) is obtained from 8,; K by replacing A" by 8"f(E)/9E". The 2Ith-order
correction to the density §,,0(T) is obtained by integrating 8,,5(F,5) over the momentum. The only factors
of Gz,b(F, P) which depend on the momentum are the derivatives of f and the components of momentum which
are explicitly present in the expression for 6,,5(F,p). The required integrals are given by?!

n+l q(i)-2+i J=n —1)¥-n
ST IT pteon) ety = G o _on - synagehgss, 0

ia1 yad(i=1)ei
where kp is the local Fermi momentum
KF=[2(#'—V)]1/2, (51)

for a positive integer C:

(2C -1)!1=(2C -1)(2C - 3)(2C - 5) + + (3)(1), (52)
and A({r}) is a function of the set of &’s present in the integrand of Eq. (50),

{eb={r(1),R(2),..., Hq(1) - 1), K(g(1) +2),. .., Kq() — 2 +1)

Xkg@) +i+1),...,Mq0) - 2+n), gk) +n+1),. .., k@21)}. (53)
One may represent A({k}) by the sum of all possible products of Kronecker deltas, which can be formed
from the 21 - 2n elements of {k} When A({%}) is a function of only two arguments, it is the Kronecker delta,
A(a,b)=5(a,b), while ‘

A(a,b,c,d)=05(a,b)d(c,d) +5(a,c)s(b,d) +6(a,d)s(d, c). (54)

In general, when A({k}) is a function of 2a arguments, it consists of a sum of (2a - 1)!| terms. For the
case of {k} being the null set, i.e., whenn=1, A{} is set equal to 1.
The final result obtained for 6,,0(T) is

6,,0(T) =% [2 (-2)r (I'I1 > A(q(i))) A({k})] (2J - 21 -5)1 11432 g, (55)

i=1  q({)

In an analogous manner, 62,((36) — KiN) may be evaluated, and an expression similar to that for 62,p(?)
is obtained. In fact, the expression for 8,,((30) — uN) may be obtained from the right-hand side of Eq. (55)
by multiplying the factor (—3)" by (1+n —J), replacing (2J —2I —5)!1 with (2 =21 - 7)!1 and replacing
k2432 g with [k ¢ dor,

The expressions obtained here for 62,p('f') and 6,,((3¢) - uN) must be treated as operators for the quan-
tities indicated because of the pending operations in &. Expressions involving derivatives of the potential
are obtained by applying these operators to the constant 1, the leading term in the expansion of K. Also,
bz,p(?) consists of more terms than are explicitly present in Eq. (55), because of the implicit summations
over the j’s and k’s present in A(q(()), A{R}), J, and .

In the derivations of 6, p(T) and 6,,((30) — uN), the quantities (2J — 21 — 5) and (2J — 21 — T) were assumed
to always be positive. This assumption is valid for I > 2 for corrections to p(T) and for I> 3 for correc-
tions to (3¢ — uN. Equation (55) can be made valid for all I(> 1) by replacing the factor (2J — 2/ —5)11 with
(2J -21-3)11/(21+3 —2J). Similarly, the expression for 8,,((30 — uN) is correct for all I when (2J — 21
- M!! is replaced by (2J — 21 — 3)! 1 /(21 +5 — 2J)(21 + 3 — 2J).

V. THE SIXTH-ORDER CORRECTIONS

The operators described in the last section were employed to determine 5,p(T) and 85((30) — uN). The
sixth-order correction to the density is given by
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- 1[_ vV I V2VV4V ay (V,V, V. V)2 (ﬁij)-(ﬁ,'v’Jvzv)‘)
Sep(r)=- & ["F 5240 **F (2688 (VWVY+ g5 *iag g TV IV it 112

+K3P (384 192 192 - v $(V2V)2+—7— VEV(V,V,V)?

MAAAZE [(V,EZ1 NARCAASIIIE 632 v,V 62 TV [V I@ V)] 45 43556 (vzv)a)
+K}11(2ﬁ (v2V)2(vV)2+§al- (VV)V . VvV +6—'Zl-(vv)2(v‘vjv)2 58 L @v.o9vy

128 21 Gy €(VV)2+—(€ vV (Pv. V¥ §,V))
e (358152 V() 2L 9y V(VV)‘*) 2832 15(VV)6:| | (56)

The expression for 6,((3) — uN), obtained directly from application of the operator for 84((3¢) — uN), is ana-
logous to the expression for §,0(T). However, utilizing Green’s identity this may be reduced to

1 v ) /11 (VV)?RVeY
8530 — wN) = f [‘ k¥ ~2480 +KF7(16 128 WzV)a*W)

31 2 2 2 2 2
e (6912 (VVR(VV s s (VV)FV . Ty - 2 (V- IV )

11 '
—_ p-ligy2 4 -13 6 3,
+512 K VEV(VY) 4 fooa K3 (VV)]dr. (57

This assumes all surface terms vanish for the V under consideration.
Equating terms of order 6 in Eq. (31) results in

2 3.
T po] = 55((3C) — uN) - f (55—%) 6,p8,pd% — % f (%’T)—“) (8,p)%d°r
Do Po

oT 52T 6T
- —=z2) 5 d3r—if<——a) (6 )zdar—f<—1) 5,0d%r . (58)
f( Gp)no 4P 2 5p° o 2P op v 2P

Substituting for 54((3¢ — uN), 5,0°, and 6,0" and employing Eq. (18), one obtains the final formula
% G i -1,3[13(vv2p2 2575 (V2p)\® 249 (Vp\*(Vip) 1499 (Vp)? Y_p)
o /1= 75360 *148 \p ) 16 \p /) \p /18 \p P

1_3_0__7_(YB>2<vp.v12£)+34_3 (Vp-VVp)2+8341 v2p (v_p)‘*_1600495 @)S](Pr
T3 \p 0 18 P> 72 \p p 2592 \p ’

(59)
Again following Hodges,'® we note that the sixth-order term predicted by linear response theory is
13(3?2)'4/3 . vv2 P
A L L -1/3 3y 60
r
VI. DISCUSSION problems of solid-state physics.
Other functions that could serve just as well in the
For atomic densities, T, p] becomes divergent integrand are related to the ones given here
at both large distances and near the nucleus. This through Green’s identity, although surface terms
behavior seems to be a result of employing the may contribute in particular cases. Of course,
local density approximation in the derivation and the value of 7 [ p| or T, p] is unique in any prob-
is predictable from scaling arguments.?*2® How- lem in which the functional is fully applicable.
ever, Eq. (59) is still valid in the limit of slowly Although Eq. (59) may be of limited applicability,

varying densities and may be useful in certain the density matrix from which it is derived would
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at first appear to be quite general, and some in-
teresting results may be obtained with it. Start-
ing with Eq. (16), the Thomas-Fermi theory is
recovered by retaining only the lowest-order term
of b(r P).2° This term corresponds to treating
the p and ¥ operators of Eq. (9) as commuting op-
erators and thus shows the classical nature of
Thomas-Fermi theory. Insertion of the Thomas-
Fermi result £=0 into D in Eq. (13) results in a
density matrix which indicates that all bound states
of the system are occupied. For an atom, such a
result can be correct only in the limit Z - and
this is where Thomas-Fermi theory has been
shown to be exact.®

A sometimes undesirable property of the density
matrix, defined by Eqs. (7) and (8), is that it re-
quires all the states of a degenerate set to be com-
pletely occupied or completely vacant. Therefore,
the density-matrix operator employed here is
sufficient todescribe only closed-shell® ! (or, more
precisely, closed-subshell) systems.

This feature of Thomas-Fermi theory and the
gradient expansion could help explain the anoma -
lous behavior observed in the error curves of
some very recent studies of the gradient expan-
sion.!'»?* This problem is less severe, but still
present, in a spin-polarized formulation of the
gradient expansion.?*»2* Although the higher-order
terms of the gradient expansion appear to be di-
vergent in certain applications, a closer examina-
tion of the boundary conditions employed may al-
leviate these difficulties.?®
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