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SURVEY

The greatest effort of the group during the period described by this Progress
Report has gone into the problem of configuration interaction in solids, and its rela-
tion toc the correlation energy. My Technical Report Mo. 6, dealing with this probiem,
came out at the beginning of the period. Dr. Lowdin, though he has left the group
after his profitable period here and has returned to Sweden, has now found time to
write up the extensive work which he did while he was here on these subjects, and his
contribution forms a major part of the present Progress Report. He hopes to elabo-
rate scme of this material in the form of later papers, and also probably will write a
Technical Report for this group, dealing with some aspects of the many-electron
problem. Dr. McWeeny too has been concerned with these problems. In the present
Progress Report he presents valuable conclusions from his study of the w electrons
in benzene, in which he has been able to compare the results of several different ap-
proaches. He delivered a series of lectures during May on the subject of configura-
tion interaction in solids, which are being written up in the form of a Technical Re-
port. In these lectures he presented the theory of molecular calculations from the
point of view of the density matrix, a point of view which has been independently fol-
lowed by L'6wdin in his contribution to the present Progress Report.

Scveral conclusions emerge from this work. In the first place, there seems
to be no siinple way of avoiding the labor of a configuration interaction calculation.
McWeeny's results on benzene show that in even as simple a problem as this, a rather
extensive configuration interaction is required to get acceptable results, whether one
starts with molecular orbitals, with the valence bond method using ordinary atomic
orbitals, or with the valence bond method and orthngonalized atomic orbitals. It is
true that in certain cases one can introduce rather extensive configuration interactions
merely by considerations of symmetry, particularly in the problem of spin degeneracy,
as has been discussed by Lowdin; but this will hardly go far enough, in the ordinary
case, to make further configuration interaction unnecessary, though the simple case
of the ordinary Heitler -Loondon calculation for hydrogen is one in which it gives mod-
erately acceptable results.

If one is to use configuration interaction methods, then for practical reasons
it is essential to start with the best one-electron functions, in order that there will be
the most rapid convergence of the configuration interaction; that is, in order that one
can get an acceptable answer from a minimum number of determinantal functions
formed from these one-electron functions. I suggested some time ago that this goal
might well be reached if the one-electron funciions were to be chosen as soluiions of
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a one-electron Schrodinger problem, with a potential determined by a certain self-
consistent condition. This condition could be put in a form general enough to hold
even in the presence of configuraticn interaction. Lowdin now appears to have proved
that this suggestion of mine, which I arrived at intuitively, really has a rigorous
basis. His proof, and the ''natural spin-orbitals'' which he discusses, deserve fur-
ther study, and if they prove to be justified, they allow us to draw some conclusions
about practicable methods of carrying out configuration interaction.

Let us ask what this procedure implies, if carried through completely. Sup-
pose one starts with a set of one-electron orbitals, constructs determinantal wave
functions from them, but decides to use only a limited number of such determinantal
functions. One carries through a configuration interaction using this limited number
of configurations. Then the implication of the theorems is that the configuration in-
teraction will converge most rapidly if the one-electron functions are determined
from the self-consistent field. That is, we conclude that the effect of the configura-
tions which we have omitted will be a minimum, if we use the self-consistent field to
determine the one-electron functions. Lowdin has not proved tha theorem in pre-
cisely this form, but his proof is close enough so that this is probably what is implied.

In practice, one will probably never carry through this whole procedure; it
is likely that after anyone has carried through a configuration interaction in any given
problem, he will be so exhausted with his labors that he will not want to take any fur-
ther steps to get self-consistency. Nevertheless the theorems point out the direction
to work in, and suggest that if we could find a good approximation to the self-consistent
field, and use solutions of this for the cne-electron ;unctions, we should get good con-
vergence from the configuration interaction problem. For instance, the simplified
Hartree-Fock method using a free-electron correction for exchange, which I proposed
several years ago, might be close enough to the correct self-consistent field so that
if we cculd solve a one-electron Schrodinger problem using this potentiai we should
get good convergence from a configuration interaction.

Further progress has also been made during this period, in the solution of
ths one-electron problem. Dr. Koster presents further results on the problem of
perturbed periodic lattices: he has considered the question of scattering of a wave
by a perturbation, a problem whose applications to such phenomena as elcctrical re-
sistance are obvious. He has also carried further the tight-binding approximation
for energy bands, which he and I worked out some time ago. It secemed to us too bad
that there was no calculation of density of states for the face-centered cubic struc-
ture, such as we recently carried out for the body-centered case. The calculaiions
of Fletcher and Woblfarth on nickel would give a suitable example, but they had not
carried their work through, on account of the tedious mathematics invelved. We had
worked out methods of solving the necessary secular equations, using Whirlwind, in




(SURVEY)

connection with the body-centered case, and we have decided that it will be worth
while to complete the work of Fletcher and Wohlfarth by computing the energy bands
at many points in the Brillouin zone, and finding the density of states. The reason
why this will be interesting is to compare with the calculations which Krutter and I
made many years ago by the cellular method. From the work of Howarth on copper
we know that this early cellular calculation agrees much more closely with the tight-
binding method than with the older cellular work. The old calculations gave a dip in
the density of states near the middle of the d-band, for copper; we wish to find if a
similar dip is indicated by the tight-binding calculation.

In the meantime, Howarth is continuing his study of the augmented plane
wave method for copper, to compare with his cellular calculations. The results, as
of the moment, are encouraging: the convergence appears to be more rapid than by
the cellular method, and the method secms to be practicable. Saffren has made some
interesting studies of the behavior of the method at symmetry points in the Brillouin
zone, and has suggested improvements in the method to be used at those points. Cor-
batb continues his study of energy bands in graphite, by the tight-binding method. A
number of the other pieces of research in the group are going on successfully. One
investigation which has been carried to completion is Kleine.''s work on the magnetic
scattering of slow neutrons from oxygen gas, using Meckler's wave function. His
calculated results agree within a few percent with the experimental determination at
Brookhaven.

There have been several changes in personnel since the last Progress Re-
port. Dr. Pratt, who was spending a number of months on leave of absence at the
Raytheon Manufacturing Company, has returned to the Lincoln Laboratory, but in
Group 35, where he will be less closely associated with the Solid-State and Molecular
Theory Group. Dr. Kleiner is leaving shortly to join Dr. Pratt in Group 35. Dr.
Schweinler is spending the summer on leave of absence at the Oak Ridge National
Laboratory. One new graduate student, Mr. Schultz, appears in this Progress Re-
port. There are several others who have been doing a little work with the group,
and several new postdoctoral members will join the group next fall. Several of the
present staff members will leave at the beginning of the fall, including Drs. Howarth,
Kaplan, and McWeeny.

Our faithful secretary Phyllis Fletcher, who is responsible for the handsome
appearance of these Progress Reports, had the misfortune to break her arm just as
this Report was ready to be typed. We trust that the readers will pardon the delayed

date of its appearance.

J. C. Slater




1. SOME REMARKS ON THE BASIS OF THE ONE-ELECTRON APPROXIMATION IN
THE QUANTUM THEORY OF ATOMS, MOLECULES AND CRYSTALS

This contribution was originally meant for the April 15 Progress Report,
but due to the author's traveling aid other circumstances, it was delayed beyond the
deadline and has therefore instead been prepared {or this issue. It is here presented
#s a series of more or less independent short notes on the one-electron scheme, but
the results will also be published in full length.

I would like to take this opportunity to express my sincece gratitude to Pro-
fessor J. C. Slater for the great hospitality I have enjoyed during my stay with his
Solid-State and Molecular Theory Group at M. I.T. I am also greatly indebted to him

and to the members of the group for many inspiring and fruitful discussions.

Density Matrices, Naturat Spin-Orbitals and the Extended Hartree-Fock Methol

Let us consider a system of N antisymmetric particles described by the

normalized wave function § = Q(xl, Xy0 oo x\,), where the coordinate X, gives the
Y

situation of the particle i in ordinary space, spin space, and, in also considering

nucleons, isotopic spin space. The basic Hamiltonian may have the form

H =W+ Y H +22'G,

, (t. 1)
R i ¢ ij

i
where the different terms contain zero-, one-, and two-particle operators, respec-
tively. For the following discussion the explicit appearance of the Hamiltonian, which
also may contain many-particle terms, is without importance, but we rote that, for
an electronic system (atom, molecule, or crystat) without external field at absolute

zero, we have simpty

2 z 2
w=¢ y _&8h T T e’y B, g, =5 (1.2)
g

~
N
N

°

2 ig i) rij '

3

where we have negltected relativistic effects and the zero-point vibrations of the nu-
cter.

The wave function ¢ may describe a particular physical situation exactly or
in an approximate way. If the first and second order density matrices, yand I, are

defined by

[ﬁ ;
|-

o N ; -

vix) 'xy) = (1),/‘@*("1 Xp%3 - X Bl xpxg o oxg) dxdxg L dxy,
(1.3)
Ind = N ] 3
r (xl'xl'lxlx&) o (Z),/‘Q*(xl'k?. X3 oo XN) Q(xlxzxz‘ R xN) dx3 A .de,
=4
o ; e~ i st - Y R e ponetiein sty T Y
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(REMARKS ON THE BASIS OF THE ONE-ELECTRON APPROXIMATION)

with the usual probability interpretations of their diagonal elements. then the average

energy of the situation may be expressed in the form

P ] .y 1 1]
<“Op>AV = W + le \((xl lxl) dxl +f(;lzr(xl X, |xlx2)dxldxz, (1.4)

where, after the operations in the integrands have been carried out, we have to put
xl' =X, XZ' =X, If the Hamiltonian contains also many-particle terms, the higher

densities are introduced analogously.

In order to analyze the situation, we shall introduce a complete orthonormal

system of one-particle functions or spin-oribtals ¢k(x) (k=1,2,3...). The total
wave function may then be expanded in a system of Slater determinants over all con-
figurations K, i.e. over all selections of N indices kl < kZ <... < kN:
= {
= Y Cy ik (1.5)
K
where

1
QK = ——— det {¢kl, ‘sz"' ¥y

— } (1.6)

I
If K and L are two arbitrary configurations, one may derive the formula

* _ . = [*
/-‘PKQL dx dx, ... dxy = Dy, = det {dk!}’ dy , /"Pk"pl dx, (1.7)

where dk! are the "overlap integrals" between the basic functions belonging to K and
L. We note that, due to the orthonormality, the only non-vanishing elements in the
determinant DKL appear for pairs (k, #) referring to the same orbital occurring in

both conligurations K and L (dk! = 1). For the following discussion we need DKL as

well as its first and second order minors, DKL: K DKL; klkZ' lllz' ... etc.

The density matrices y and I’ are Hermitian and may be expanded in the
basic set ¢k in the form

vix ' x)) = 5 ¢:(xl’) belxy) vg

AU | by () g Lx)

Mix.'x- x,%x,) = (1.8)
P <k Lo, kK
!l<lz ‘b}t (XZ.) ‘b: (x Z') 4’! (xZ) \P! (xz) l Z' l Z'
1 2 1 2 1 2
-5-
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{REMARKS CN THE BASIS OF THE ONE-ELECTRON APPROXIMATION)

where we have used the fact that [" is antisymmetric in each pair of its indices; the
matrices of the coefficients are again Hermitian. Taking over a terminology from
quantum chemistry, we may call Yik the ''charge order' with respect to the spin-
orbital ~pk and T the 'bond order' with respect to the pair of spin-orbitals ~pk and 4:1.
By using (1.3), (1.5), (1.6), ard (1.7), and expanding the Slater determinants QK in

their first and second order minors, we may derive the relations

(k) ()
Vi = 2 2 CxPrie CL/ Z Ck Dk1, CL »
K (L)
(1.9)
(kgz) L) —
r g 2 CxPxiikk,, 10 CL Ck PkL “L
lllz,k k2 K L 172"7172 KL
where the symbol Z means summation cver all configurations K containing the
k,)
index k, and the symbol ZK 2 means summation over all configurations containing

the pair kl' kz), etc. For the diagonal elements we obtain in particular

5
~ & ICKIZ/ EICKIZ s !

(1.10)
(k

Fklkz,k k, = 'C I/ Z ICKI

showing that Yy Measures the probability for the occurrence of the spin-orbital k.
We note that the special case Ygk - ! occurs only if the spin-orbital k is present in
all configurations in expansion (1.5), necessary for describing the situation.

Let us now consider the physical interpretation of results obtained in a one-
electron scheme based on an arbitrarily chosen basic set ¢k. The physical proper-
ties of the system are determined by the total wave function §, i.e., by the coefficients
CK in (1.5), and, e.g. the eigenfunctions of the Hamiltonian (1. 1), and may be derived
from the variation principle

6<Hop>Av = 0, (1.11)

which, applied to the expression (1.4), leads i0 a secular equation of infinite crder.
Even in approximate forms, the numerical calculations involved are a formidable

size, but, as shown by Boys(l) and Meckler(z) in their treatments of atorms and mole-

-6-
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(REMARKS ON THE BASIS OF THE ONE-ELECTRON APPROXIMATION)

cules, the numerical work can be carried out, at least by the aid of electronic com-
puters. However, the preliminary result is then a rather complicated wave functicn
in configuration space, and one is stili looking for simple physical interpretations.
In this connection, we would like to point out the importance of the first, sccond, and
higher order density matrices (1. 3).

For the sake of simplicity, let us censider only the first order density
Y(xl’ xl) having the Hermitian charge and bond order matrix Yo with respect to the
basic system §. We let U be the unitary matrix which transforms Yq o diagonal
form with the diagonal elements Ny = 0yt

1,

U'yU = n = diagonal matrix. (1.12)

We have further y = UnU*, and, if we introduce a new set of spin-orbitals @ by ¢ =
U, or

P = 2w, U (1.13)
we may rewrite the density matrix in the form
vix, ' x;) = T o eplx, ") @, (x)) (1.14)
k

This form is characterized by the fact that all bond orders are vanishing, and the new

spin-orbitals ¢, (x) will therefore be called the natural spin-orbitals associated with
P Kk

the system and the corresponding ''charge orders" n, which are the eigenvalues of

Yoo will be interpreted as their occupation nurnbers. If two or more charge orders

are the same, the corresponding orbitals form a degenerate group, and y(xl'lxl) is
then invariant with respect to unitary transformations of the orbitals of the same spin
type within such a group.

According to (1. 10) and the relation /\'(xllxl) dx, = N, the occupation num-
bers fulfill the conditions

0<n <1, %nk=N, (1. 15)

Sy

and we can therefore conclude that the particles must be distributed over more than 4
N natural spin-orbitals with a limiting case when they are occupying exactly N spin- i
orbitals. The condition for the limiting case may be expressed in the form

vi= v Tr(y) = N (1. 16)

" sy
P e e W
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showing that the matrix ' has exactly N eigenvalues equal to 1 and the remaining
zero. If, in such a case, we choose the natural spin orbitals as our basic set, all
configurations in expansion (1. 5) must contain the fully occupied spin-orbitals, i.e.,
this expansion is reduced to a single Slater determinant. This would mean that, if

the necessary existence and convergency theorems for the solution ¢ are fulfilled,

the relation (1. 16) would form a sufficient condition for the possibility of reducing the
total wave function to a single determinant, i.e., for the strict validity of the Hartree-
Fcck approximation. The reverse theorem has previously been proved by Dirac. (3)

It is well known that, in a system where the particles show mutual interac-
tion, the Hartree-Fock approximation is usually not strictly valid, and this means
that the occupation numbers by the effect of this interaction are depressed below 1:
0< n, < 1. The corresponding Cayley-Hamiltonian equation for the matrix is then
more complicated than the first relation (1. 16).

We note that the antisymmetry condition on {§, which leads to the firs. condi-
tion (1. 15), is here much more general than Pauli's exclusion principle in its original
form, which considers only the occupation numbers 0 or 1 and therefore explicitly
must refer to the Hartree-Fock approximation. We note that, in the Hartree-Fock

(4)

as resulting from entire particles jumping from occupied to unoccupied spin-orbitals

scheme, some changes of the system, as ionization or excitation, may be described
(or to infinity), whereas the circumstances in an exact theory are more complicated
with the occupation numbers changed by fractions of 1 (and possible changes also in
the non-diagonal elements nu). The same complications occur, for instance, in an
exact electron-positron theory, which is based on Dirac's idea of a fully occupied
vacuum.

In the Hartree-Fock approximation the natural spin-orbitals are identical
with the ordinary Hartree-Fock functions, being undetermined on a unitary transforma-
tion between functions of the same spin type. Already at this stage, the numerical
computations involved are extremely laborious, but, by the aid of the modern elec-
tronic computing machines, it seems now possible to reach beyond this approximation.
It will be interesting to see how much the natural spin-orbitals and the cccupation
numbers will be changed in the higher approximations; ifor 'closed-shell" systems,
where we know that the Hartree-Fock schemes already give good results, the changes
will certainly be small, but, in other systems, they may be appreciable.

In the higher approximations, the natural spin-orbitals are of importance for

obtaining as rapid convergence as possible in the expansion (1.5) of the total wave

function in Slater determinants over all configurations. It could happen that the arbi-
trarily chosen basic set \pk is inconvenient for its purpose, and the convergence of

(1. 5) is then correspordingly slow. By using (1. 13) and carrying out the transforma-
tion y = t:pU‘t or

-8-
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4y = ?palrlk, (1.17)

we obtain

1
g, = ZQ AL, 4 =—det{(p B P ) }
K T L "'LK L fan £l !2 L,I

N!

+ t "

Uk Yiw, - YUgx

i ks 1N G ig)

ALk * :

t + e

ut LU .U

Lok ik, vk

and, according to (1. 5), the total wave function § may then instead be expanded in

configurations @L. of the natural spin-orbitals Cpl:
= % 2 ( é ALk Cg) (1. 19)

In the most favorable case (1. 16), this expansion is reduced to a single determinant.
If only a finite number of the occupation numbers n, are different from zero, expan-
sion (1. 19) will be reduced to a sum of comparatively few determinants, and we see
that, in this way, we shall obtain a solution of the convergency problem previously

(5)

There is also a close connection between our natural spin-orbitals and the

(5)

discussed by Slater.
functions discussed by Slater in his extension of the Hartree-Fock method. Let us
assume that our basic set contains only M orthonormal functions upk (k=1,2, ... M),

and let us introduce their projection density matrix
M
plx . x,) = k§l¢:(xl) e (x,)- (1.20)

(6)

This matrix is a projection cperator, which fulfills the relation pZ = p. For every

function g(xl, xz) which is expansible in the basic set 4:1, 4;2, e an, i.e., which be-
longs to the subspace defined by this set, we have further
PE = 8P = & (1.21)

For the sake of simplicity, let us consider the special case when Gij = eZ/rij.
The variation principle (1. 11) gives, as before, certain conditions for the coefficients
C but 1t gives now also a condition for choosing the set 4‘1' "‘2' in the most

K’ Y
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(REMARKS ON THE BASIS OF THE ONE-ELECTRON APPROXIMATION)

convenient way in the form of '"extended Hartree-Fock c¢quations'. By multiplying

the equations for each k by \p:(gl) and summing over k from 1 to M, this condition may
be condensed in the form

5 ALGES X0 s )
H, vig)x) + 2e°“[_‘_.‘i;_2 dx, = (g, x,), (1. 22)
T2
M
fleyx)) = 2 dyle)) dylx)) g (1. 23)

Since the Lagrangian multipliers )‘lk associated with the orthonormality conditions form
a Hermitian matrix, the same is true for the right-hand member function f(xl, XZ)'
which may be considered as the ''projection' of an arbitrary Hermitian furction F(xl, xZ)
on the subspace defined by the set q;l, q;z, o q;M:

f = pFp. (1.24)

We see that, when M - » and the system q;k(x) becomes complete, we have

Mii_x;n'!o p(xl,xz) = 5(xl.x2). (1. 25)
In this limiting case, the function f(xl, xZ) in (1. 22) may be an arbitrary Hermitian
function, and the extended Hartree-Fock equations (1. 22) loose their meaning as a
restraining condition on the basic set \pk, which may then be chosen arbitrarily.
Let us now keep M finite, and let us carry out the transformation (1. 17) to
natural spin-orbitals P By multiplying (1. 22) by (p;:(gl), integrating over dgl and
dividing by n # 0, we obtain

*
2 (&.) T'(g,x,]x,x,) M
2e j‘¢’k 1 22 _ =Y
Hy g (x)) + 7 = dg dx, = > @y(x)) Ay n (1. 26)
k 12 1=1
where \' = U'AU. The second term in the leic-hand member may be written in the
form
Vop(1) @y fx)) (1.27)

where Vo is a complicated operator containing ordinary potentials as well as exchange

operators. Eqgs. (1.26) for k =1, 2, ... M represent the exact integro-differential
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equations or extended Hartree-Fock equations satisfied by the natural spin-orbitals
having n, # 0.
In order tc chktain the connection with Slater's approach, we shall now replace

VOp by its '"best approximation' in x space:
"~ -
vop q,k(x) X V(x) (pk(x), k=12,... M (1. 28)

which may be defined by the condition that the sum
M 2
$ K[ Vop %) - V) @ (x) (1.29)
k=1

should be as small as possible. The quantities Kk, are here appropriate weights, and
for the natural spin-orbitals, it seems natural to choose thcm as being just the occu-

pation numbers: K, = np. In this way, we obtain

g e 9plx)) Vo @(x)) > Pix % 0% %)
V(xl) = = 2e j——————— dxz/y(xl|xl), (1. 30)
2 m o) @lx) * 1

where we have used the fact that I' belongs to the subspace defined by our basic set
and satisfies (1.21), i.e., pI = ['. Our approximate form of (1. 26) is then
M
{H + V(x )} (x,) = Z (x,) A n_ ! (1.31)
1 Vf @tx = L7 N LY N N .

Since the operator (Hl + Vl) is Hermitian, the same must hold also for the matrix
\.lk n; l, which means that we can have )\' couplings only between natural spin-orbitals
having the same occupation number. Within such a group we can then carry out a uni-

tary transformation, bringing (1. 31) to the final form

{Hl + 'v'(xl)} o x)) = g 9.(x)), (1.32)

which are just the equations intuitively proposed by Slater. (5.) Our procedure gives
also a new derivation of Slater's average exchange potential( i) in the ordinary Hartree-
Fock scheme based on a single deierminant.

Our investigation confirms Slater's assumption that the solutions to (1. 32)
would form a convenient basic set for obtaining rapid convergency of the expansion
(1.5). However, we have also shown that, instead of forming the average potential

(1. 30) and solving (i.32), we may find the naturai spin-orbitals simply by diagonalizing

o
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the first order density matrix, y(xl' xl).

Treatment of Spin and Orbital Degeneracies by Projection Operators

In treating many-particle systems having a Hamiltonian (1. 1), there is al-
ways a certain complication if the system shows spin or orbital degeneracies. Lt
us assume *hat the degenerate states are classified by an operator A having a f{inite
number of discrete eigenvalues Ag» *p» -+« A, and let further § be an arbitrary

function associated with the space of degeneracy and having an expansion of the form

n
Q = Z akgk' (133)

where @k is an eigenfunction to A belonging to the eigenvalue A We note that, since

the factor (A - Xp) annihilates the term for k = p in this expansion, the operator

k#1
O, = I (A = 2O - 2) (1.34)
k=1,n
takes out only the term for k = £, i.e., it gives the 'projection’ of J on the eigenstate
of A having the eigervalue Ags
OIQ = alt}l (1. 35)

The operator Ol is therefore another projection operator, (6) which, in matrix repre-

sentation, fulfills the Cayley-Hamilton equation (A - Xl) Ol = 0, from which we easily
derive the relation

. (1.36)

As an example, let us consider the projection operators associated with the
spin degeneracy of N antisymmetric particles. Measuring the spin in units of A, we
know that S% has the eigenvalues £(£ + 1), wheref =N/2, (N/2) -1, (N/2)-2, ... 0
or 1/2, depending on whether N is even or odd. According to (1. 34), the operator
for creating a state of multiplicity (2£ + 1) is then

k#1
(22 + l)o = 'I; {SZ - kik + 1)}/ {1(“ 1) - k(k + 1)}, (1.37)

where the prodact is taker over all k # £ from 0 to 12 or N/2. For s we may here

use one cf the expressions
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J

s“= ) s -8,
& T ]
ij
e .2
=s's” +8,°-5s,

(1.38)

I

- {N(N = 4)/4} + X_ (1+0,- crj)/l

1<}

- {N(N - 4)/4} D P;’j
1<)

We shall now investigate the effect of our spin projection operators (1. 37) on
a single Slater determinant, built up from N spin-orbitals. Let us assume that N is
even (N = 2n) and that wc are interested in states with Sz = 0, i.e., having an equal
number of a and B spins. Let us further assume that we have N space orbitals ap,
ay, ... ag, bl’ bZ’ S bn at our disposal and that the first n orbitals are <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>