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A new extension of Hartree-Fock (HF) theory to nonzero temperature 7, namely, the thermal single-
determinant approximation (TSDA)—based on the variational principle of statistical mechanics—is applied
to a model of a crystal of widely separated atoms. It is shown that, in this TSDA, one type of solution to
the equations of stationarity of the free energy (TSD equations) consists of one-electron functions that
are extended throughout the crystal (like Bloch functions), and another type of solution consists of localized
one-electron states (particular Wannier functions), whereas it appears that in the usual, or standard,
thermal HF approximation (THFA), only extended solutions are possible at finite atomic separation.
(A previous argument that led to results contradictory to the latter statement is shown to be invalid.)
Further, in the TSDA at 7>0, the localized solutions give a lower free energy than that corresponding to
the extended solutions, as well as a lower free energy than that obtained in the THFA. As far as we know,
this is the first calculation in which a strictly variational requirement has rejected this class of spatially
extended one-electron functions in favor of localized functions in a perfect crystal (i.e., in a system with
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translational symmetry).

I INTRODUCTION

HE basis of the one-electron theory of solids is the
Hartree-Fock approximation. For the ground
state of the system of interacting electrons this approxi-
mation gives the “best” wave function of the form of a
single Slater determinant of one-electron wave func-
tions, on the basis of the well-known minimum principle
for the ground-state energy. Such an application of the
ground-state variation principle, however, clearly does
not lead to a prescription for the “best” excited states,
even if they are also restricted to be single Slater de-
terminants. Nevertheless, it has been customary to
choose excited states as follows.

Let the occupied one-electron functions in the
minimum energy determinant Do=Dy({1--¢¥n) be
Y1, ¥, ..., ¥n, which can be chosen orthonormal with
no loss of generality; one can then complete the set of
one-electron functions by adding ¥x11, ¥xye, ..., such
that one obtains orthonormality among all functions:
(¥s,¥;)=8:;. By the occupation of this complete set of
one-electron functions in all possible ways, one then
obtains a complete orthonormal set of (determinantal)
wave functions, D,, for the many-electron system, the
additional D, being taken as approximate excited states.
An obvious source of ambiguity in this procedure lies
in the fact that there is an infinite number of essentially
different ways of choosing the “excited” one-electron
states ¥wi1, ¥wnye, ... (if the whole space of one-
particle functions has more than N+41 dimensions)
such that they are orthogonal to the given set 1+ - -¢¥n.

* Work sponsored by the Department of the Air Force.

A further source of ambiguity is the well-known in-
variance (to within a multiplicative constant) of D,
under a unitary transformation of the occupied states:

Do(Y1- - -¥w)=cDo(¥1 - - -¢¥n'), (1.1
where
N
Vi =2 ui; (1.2)
e

¢ is a constant of magnitude unity, and #; is any
N XN unitary matrix.! Even though Dy(- - -¢;--+) and
Dy(-- -y - - +) are essentially (i.e., physically) the same,
asin Eq. (1.1), the determinants obtained by destroying
an electron in ¢; or in ¢, are essentially different; thus
the set of excited states can be chosen in an infinite
number of essentially different ways (for N>1), even
for given Yni1, ¥Ynyo, - ...

Note that an immediate consequence of the ambiguity
expressed by Eq. (1.1) is that minimizing the energy of
a single Slater determinant can never alone lead to the
conclusion that the best one-electron functions are
spatially localized. For, if ¢,; were localized functions
(about sites 2=1, 2, ...), then one can always choose
u; so that the ¢, are extended; that is, in the state ¥,/
there is equal probability? of finding an electron in ¢,
¥s, . ... In other words, for any set of localized functions

1 There seems to be a misconception among many workers that
the physical invariance (1.1) is limited somehow to systems with
“filled shells” or “filled bands.” In fact, there is no such limitation
(nor any other limitation).

2 There is a unity matrix for arbitrary N such that |u#,m]| is
independent of # and m; namely, %nn=N"12% exp[27i(n—m)/N],
n,m=1,2 ..., N
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there is an equally “good” spatially extended set (in
the sense of the energy variational principle).

A common way of choosing a particular set of excited
states is to choose the y; to be the eigenstates of the
Hartree-Fock operator (i.e., solutions to the Hartree-
Fock equations with the Lagrange multiplier? matrix
taken as diagonal). But without any further argument,
this is a completely arbitrary choice in the infinite
number of choices, all consistent with the ground-state
variational principle.

Another way, which is not so arbitrary (in fact, no
more arbitrary than the use of the ground-state varia-
tional principle), would be to use the variational prin-
ciple of statistical mechanics,? namely, the minimum
principle for the free energy at temperature T  (see
Sec. II below for details). Since the excited states do
contribute to the free energy when 7> 0, this variational
principle will at least be expected to make an un-
ambiguous decision as to their nature. Formally, these
“best” states are the eigenstates of the “best” statistical
density operator p of a specific form, chosen in accord-
ance with the free-energy variational principle. It will
be convenient to describe p in terms of an approximate
Hamiltonian A, which is to be distinguished from the
exact or model Hamiltonian H.

This approach has been used® to provide an extension
of the Hartree-Fock approximation to nonzero tem-
peratures, as follows. In what has been called the
thermal Hartree-Fock approximation (THFA), the
trial density operator p was taken to be one correspond-
ing to an approximate Hamiltonian which is a one-
electron operator; i.e., H=3" €;N;, where N; are the
occupation-number operators for a complete ortho-
normal set of one-electron states y; and, the g; are real
¢ numbers, the ¥; and e; being chosen to minimize the
free energy. This conforms to the idea of a one-electron
approximation and leads to the standard thermal
Hartree-Fock approximation that has been used for
many decades.® Interestingly, the zero-temperature
limit of this theory gives just the choice of excited states
described in the paragraph before the last one.

This THFA is known to give poor results in certain
cases. In particular, it fails qualitatively”-® for a simple
(single-band) model of a collection of hydrogen atoms
in the limit of infinite interatomic separation. Further-
more, the choice of p leading to the THFA is too restric-
tive from the stand point of the original Hartree-Fock
idea of seeking the “best” wave function for the system
in the form of a single determinant, for, while all the
eigenstates of a one-electron operator may be chosen to

8 See, e.g., J. C. Slater, Quantum Theory of Atomic Structure
(McGraw-Hill Book Co., New York, 1960), Vol. II.

4 N. David Mermin, Phys. Rev. 137, A1441 (1965), Appendix.
See also John M. Blatt, Theory of Superconductivity (Academic
Press Inc., New York, 1964), p. 396.

5 N. David Mermin, Ann. Phys. (N. Y.) 21, 99 (1953); see also
J. Blatt, ibid., p. 403.

¢ For example, E. P. Wohlfarth, Phil. Mag. 41, 534 (1950).

7T. A. Kaplan, Bull. Am. Phys. Soc. 13, 386 (1968).

8T. A. Kaplan (unpublished).
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be single determinants, ome-electron operators are not
the only operators with this property. For example, an
operator of the form 3 &:N;42_ €;N:N; would also
have a complete set of single-determinantal eigenfunc-
tions. In fact, A would have a complete set of single-
determinantal eigenfunctions if it were an arbitrary
function E(---N;---) of the occupation-number
operators.

Thus we are led to a new extension to nonzero
temperature of the HF approximation—namely, the
one-electron states y; and the function H=FE(- - N+ - -)
are chosen to minimize the free energy. This extension
of the Hartree-Fock idea has recently been proposed’
and described briefly?; it was shown’ to overcome com-
pletely the failure of THFA for the hydrogen-atom
model in the limit of infinite separation. It has been
designated as the thermal single-determinant approxi-
mation (TSDA) to distinguish it from the earlier
THFA.10

In Sec. II we review briefly!! the main results of
TSDA of a general nature and those of THFA that
are of immediate interest to us here.

In Sec. IIT we apply TSDA and THFA to a simple
and commonly used single-band model of a system of
widely separated hydrogen atoms, the protons being
fixed in a periodic array. In Sec. IIT A, the limiting case
of large separation is treated, with the possible effects
of the long-range nature of the Coulomb interaction on
the limiting process discussed. We show that one-
electron states that are localized around one proton
satisfy the variational equations both in the TSDA and
the THFA ; there are also spatially extended one-electron
functions (like running waves), which are solutions of
both the TSD and the THF equations. Comparison of
the free energies for the various solutions and approxi-
mations leads to the following conclusion: T'%e spatially
extended solutions are rejecled, by the free-energy mini-
mum principle, in favor of the localized solutions (for
T>0), the absolute minimum free energy (i.e., the exact
free energy) being attained only in the TSDA.

In Sec. I1I B, we consider in a perturbative way the
case of large but not infinite separation, i.e., the case in
which the overlap of the atomic orbitals is small, but
nonzero. We find that in the THFA, the localized solu-
tions for zero overlap do not form a proper zero-order
set (due to removal of degeneracy) and so do not lead
perturbatively to localized solutions for small overlap,
whereas in TSDA, localized solutions are found to exist
for small overlap, so that the basic conclusion of Sec.
III A is not violated for large but finite separation.

9T, A. Kaplan, Solid-State Research Report No. DDC-AD
672961, Lincoln Laboratory, M.I.T. (1968:2), p. 53 (unpublished).

10 This TSDA includes the most general choice of H, such that its
eigenfunctions (the approximate energy eigenfunctions) are all
single determinants formed from a complete orthonormal set of
one-electron states. It does not include, however, the most general
H with a complete set of determinantal eigenfunctions [T. A.
Kaplan and P. N. Argyres (unpublished)].

11 For more details, see T. A. Kaplan and P. N. Argyres
(unpublished).
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Finally, in Sec. 1V, it is shown further that for this
model in the TSDA, localized solutions exist for
arbitrary overlap.

In other words, the new approximation TSDA is the
result of a variational procedure that leads, in the
present case, to essentially different results from those
of the standard thermal Hartree-Fock approximation
(THFA). This is true despite the fact that both ap-
proximations are based on having approximate energy
eigenstates in the form of single Slater determinants.
Furthermore, the new approximation has, for the first
time, given a variational procedure sufficient flexibility
to allow it to choose unambiguously localized one-
electron states in a situation where there is crystalline
symmetry.

Localized one-electron functions in crystals, or
molecules, where symmetry would appear to require
extended functions, have been considered by others.12-15
However, these wave functions have not been derived
on the basis of a variational procedure.

II. THERMAL SINGLE-DETERMINANT
APPROXIMATION

The idea of TSDA is as follows.”-8:*1 We consider the
minimum principle of quantum statistical mechanics
for a system with a Hamiltonian operator H and num-
ber of particles operator V:

FLp]=Tr{p[H—pN+B"Inpl} 2 F..

Here p is an arbitrary Hermitian and non-negative
operator with unit trace, 8=1/kT, u is the chemical
potential, and F. is the exact grand-canonical free
energy for the system, namely,

Fe=F[pc]=—B'1In Tre #H-#N)

(2.1)

(2.22)
where

po=elBH=EN] /Trel-BUH—uN)] (2.2b)
is the exact grand-canonical density matrix. For a
system of interacting fermions, we have

H=3 hoctoti L 2 vaevedaloce, (2.3)
2 kN k'N
where [«), |A\), ... is any complete and orthonormal

set of one-particle states, ko= (x|k|\) is the matrix
element of the one-particle operator %, and

o = ((DN2)[0(1,2) [« (DN (2))= (kN [9]«'N)

is the matrix element of the interparticle interaction
9. The TSDA consists of finding the minimum of F[p]

12W. H. Adams, J. Chem. Phys. 37, 2009 (1962).
( - SC) Edmiston and K. Ruedenberg, Rev. Mod. Phys. 35, 457
1963).

14 P. W. Anderson, Phys. Rev. Letters 21, 13 (1968); Phys. Rev.
181, 25 (1969).

15 For additional references, see N. H. March and J. C. Stoddart,
Rept. Progr. Phys. 31, 533 (1968), Part II.

(2.4)
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for a trial density matrix of the form

p= el=BLH=uN1} /Trel—BlHA-uN]} (2.52)
where

A=FE(---Ni--) (2.5b)

is any real function of the occupation number operators
N; corresponding to a complete orthonormal set of one-
particle states y;. Requiring stationarity of F[p] under
arbitrary variations of E(---N;- - -) and of the statesy;,
subject to the previously stated conditions, we find?-®11
that the approximate Hamiltonian E(:--N;---) is
given by

E(-+Ni o)=Y haNi+L Y 945.5N:N;, (2.6)
i iJ

while the one-particle states ¢; are determined by the
system of equations (to be referred to as the TSD
equations)

<Nr—Nj>hz‘j+Zl: P {((Ni=N)Npy=0  (2.7)

plus the condition that they form a complete ortho-
normal set. Here /;; are the matrix elements of % in the
Y. representation, and 9;,; is the antisymmetrized
matrix element

Diri=var,n—va ;= (il|9] jI) , (2.8)
where the matrix elements of » are defined as in Eq. (2.4)
but in the y; representation. In addition, the angular
brackets in Eq. (2.7) denote the average over the trial
density matrix, i.e.,

(0)="Tr{p0}, (2.9)

with p given by Egs. (2.5) and (2.6). Actually, the
stationarity condition leaves E(---N,---) undeter-
mined to within an arbitrary c¢-number function of 8
and u (which introduces no corresponding ambiguity
into the free energy or anything physical), just as in the
more general unrestricted case. It can be shown,!!
however, that taking this function equal to zero, as we
have done in Eq. (2.6), we find for the free energy in the
TSDA

Frspa= —B1In Trel=AEC Nt )—uNT} |

(2.10)

with E(- - - N;- - -) given by Eq. (2.6). Thus E( - - N;- - -)
within the TSDA plays the role of an effective Hamil-
tonian for the thermodynamic properties of the system.

From the minimum principle (2.1) we have clearly

Frspa2 F, (2.11)

for any possible set of solutions {y;} of the TSD equa-
tions (2.7). We should point out that there are, in
general, many sets of solutions {;} to these equations,
and that they give merely the stationary points of F[ o],
i.e., local maxima, minima, and inflection or saddle
points. The solution that makes Fpgpa minimum is,
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of course, the “best” from the point of view of the
minimum principle of statistical mechanics.!®

The THFA can be obtained similarly from Eq. (2.1)
by requiring p to be not only of the form (2.5) but, in
addition, by restricting E(---N;---) to be a linear
function of the NV, i.e., a one-particle operator. Then,
the corresponding E(- -« -N;- - +) is found to be equal to
>i&N; with g, the THF one-electron energies,

given by
€i=hii+z 'l')ij,i,(]\fj) . (2.12)
i

The average ( )isnow taken with respect to the THFA
density operator, and thus (V;)= f(g;), where f(e) is the
Fermi-Dirac distribution function. Similarly, in the
THFA, ((NV;—N;)N,;) becomes {N;—N;){NV;), and thus
Egs. (2.7), which determined the one-particle states y;,
become for i j, after the cancellation of the common
factor (N;—N;), the off-diagonal elements of the
familiar THFA equations, namely,”

b2 9, i1l N 1) =484 (2.13)
7

Again, we may note that the minimum principle (2.1)
guarantees that for any possible set of solutions y; of
the THF Egs. (2.13),

FTHFA> Fe. (214)

In addition, we see that if both the THF and the TSD
equations for the one-particle states admit the same set
{¢:}, then the corresponding free energies to be denoted,
respectively, by Frura{y:} and Frspa{y,} satisfy the
relation

Fruraf{y:} 2 Frsoa{ds} 2 Fe. (2.15)

Finally, denoting by FTHFAmin and FTSDAmin the
absolute minima in the THFA and TSDA, respectively,
it is clear that

Frupa™»2 Frgpa™in,

(2.16)

III. APPLICATION TO MODEL
HYDROGEN CRYSTAL

In order to investigate some of the consequences of
this new TSDA approximation and to examine the
points where it differs from the older THFA, we apply
these approximation schemes to the following simple
single-band model of a crystal.’® Consider 9 electrons

16 Conditions for the local stability of solutions to the TSD
equations will be discussed elsewhere (Ref. 11).

17 The presence of the factor (V;—N;) when (2.7) is reduced in
a one-electron theory can lead to additional solutions besides those
of (2.13); it can be shown, however, that such solutions cannot
yield minimum free energy. The presence of this factor, which will
be discussed in more detail elsewhere (Ref. 11), can be understood
in terms of the fact that (2.7) comes from variations of the states
¥;, rather than variation directly of the density operator p [the
latter leading to (2.13)].

18 A brief summary of the results of this application has been
presented in T. A. Kaplan and P. N. Argyres, Int. J. Quant. Chem.
3, 851 (1969). This single-band model is fairly commonly used. It
was used, e.g., by Mattheiss [Phys. Rev. 123, 1209; 123, 1219
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on the average moving in the field of 9 protons, which
are taken to be at sites n, forming a fixed Bravais
lattice. In addition, take the one-electron function
space to be defined by requiring any one-electron func-
tion to be a linear combination of the 29T functions

@no=a(r—n)a,= a,(r)a,. 3.1)

Here a, are the usual orthogonal spin functions, and
a(r—n) is an “atomic” function centered at siten and
is taken, for convenience, to be real. In numerical
considerations made below, a(r) is taken to be the
hydrogen 1s function.

The Hamiltonian of this system is given by Eq. (2.3),
where % is the kinetic energy of an electron plus its
interaction with the protons, and »(1,2) is the electron-
electron interaction. We will also add a constant

e2

C=‘% ZI__ 3
ln—m|

the proton-proton Coulomb energy.

We will be interested here only in the case of large
separation d of the atoms. That is, we consider the over-
lap between a(r) and e¢(r—n) to be small for n><0 and
the Coulomb interaction energy U, between electron
densities ¢(r) and ¢%(r—n) to be small. However, be-
cause the latter is of long range, one has to treat it
differently from the overlap if one is interested in the
thermodynamic limit, 9T — <, d fixed (there conceivably
could be a difference depending on the order in which
the limits 97—, d — are taken).

Thus we consider, in Sec. IIT A, two possible limiting
cases: the infinite-separation limit where the Coulomb
interactions U, [defined in Eq. (3.5)] for n5<0, as well
as the overlaps of the atomic functions, are zero, and
the zero-overlap limit, where only the overlaps vanish
while U,7#0. In either limit, we show that both spatially
localized and extended one-electron solutions ¥; exist,
whether one works in the TSDA or in the THFA. We
also consider the free energies corresponding to the
various cases. This leads to the following conclusion,
drawn rigorously for the infinite-separation limit and
sufficiently low temperatures, and plausibly for both
limits and general temperatures: Namely, the extended
solutions are rejected, by the free-energy minimum
principle, in favor of the localized solutions (for T>0),
and the lowest free energy is allained only in the TSDA.

In Sec. III B, we consider, in a perturbative way, the
effect of small but nonzero overlap. The purpose is to
see if any of the solutions and, possibly, the above con-
clusion, are spoiled (e.g., by effects due to removal of
degeneracies). We find, indeed, that in the THFA the
localized solutions for zero overlap do #of lead to
localized solutions for nonzero overlap, whereas in the
TSDA, localized solutions are found to exist for nonzero

(1961)7 in his treatment of a system of six hydrogen atoms
arranged in a regular hexagonal array, and also in Refs. 7 and 8.
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overlap. Also, extended solutions exist in both THFA
and TSDA. Thus, making the extremely plausible as-
sumption that the free energy for a given type of solu-
tion (if it exists for a range of overlap) is a continuous
function of overlap, the conclusion of Sec. IIT A is
established for small but nonzero overlap.

Our result, that localized solutions do not appear to
exist for small overlap in the THFA, is in essential
contradiction to statements existing in the literature.
The error made there is pointed out in Sec. IIT B.

The explicit quantities appearing in the theory, which
approach zero as the overlap approaches zero, are listed
in the following equations, along with the existence of
an upper bound expressed in the standard O notation!®:

(@n]aa)=0C(s), n=n’
(@alh|an)=0(s),  nzn’
(@a@m]|?] @ am)=0(s), n=n’ (3.2)
(@a@m|v| @Gnam)=0(s"),
»>0, n#n’, and m>=m’

where s is the largest overlap integral. (The latter occurs
for nearest-neighbor overlap.)

A. Limiting Cases of Large Separation

In the zero-overlap limit, all the quantities (3.2) are
zero. Thus, denoting this limit by =, one easily finds
that

(ana] hl an'a’) = 600’6nn’(ana l hl ana)

=08,0nanh, (3.3)

(anvalr I 7)] dn'a’al'f’) = ann’ava’all'aﬂ" Unl ’ (3‘4)

where

UnlE/(lrl/dl’z‘l)(?’m)(ﬁ(fl—n)(lz(rg—l) = Un_l. (35)

Because the states a4, are orthonormal in this limit, we
can use them as a basis set for the exact model Hamil-
tonian (2.3), thus letting ¢.,’ be the creation operator
for the state @n,, and using Egs. (3.3) and (3.4), we have
from Eq. (2.3) (adding C),

H=AN4LY Unpnw(1=820806 ) NnoNa o +C. (3.6)

In the infinite-separation limit all these relations ob-
viously hold and, in addition, we have

Unn’= Uban . (3.7)
We immediately see that the localized functions
(3.8)

N. G. DeBruijn, Asymptotic Methods on Analysis (North-
Holland Publishing Co., Amsterdam, 1958), Chap. 1.

‘l/i > Q¢
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are solutions to the TSD Egs. (2.7) in these limits,
since the matrix elements (3.3) and (3.4) are zero for
ne#n’s’. Furthermore, the approximate Hamiltonian
(2.6) corresponding to these solutions, which we denote
by Erspa (loc.), s easily seen to be identical to the exact
one:

ETSDA(IOC.)—*—H. (39)

It immediately follows that the free energy in the TSDA
corresponding to the localized solutions (3.8), denoted
by Frspa(loc.), is the exact free energy

Frgpa(loc.)=F,, (3.10)

and so, of course, all thermodynamic quantities cal-
culated in the TSDA are exact in both limits.
Let us next consider the spatially extended functions

1
b= —— explik mar—)a, ),  (3.11)
Vo's

where a,™ is the usual pair of spin functions, but which
is quantized along an axis that can vary (arbitrarily)
from site to site, and where k is an allowed wave vector
in the Brillouin zone. Straightforwardly, we find, in the
zero-overlap limit,

(¢kal¢k’a’) = Bkk'amr’ ) (3.12)
(¢ka|h!¢k'a/)i5kkl5q,/ﬁ, (313)
and the antisymmetrized matrix element
(Protirr o [0 P i o) == (1/T) 8 Brcic
X[U0)—8,-Uk—Kk")], (3.14)
where
Uk—K)=Y" Unnexp[i(k—Kk’)- (m—n)]
=m(¢kv¢k’alvl ¢k’a¢k¢r) (3.15)

is 9T times the exchange integral between ¢x, and ¢ws,r.
We see that the ¢y, are solutions to the TSD Egs. (2.7)
in both limits under consideration, since each of the
matrix elements (3.12), (3.13), and (3.14) are zero for
ko#Kk's’. The approximate Hamiltonian (2.6) cor-
responding to the extended solutions ¢y, denoted by
Erspa(ext.), is found, with the help of Egs. (3.13) and
(3.14), to be

 UOWN
ETSDA(CXt.)i]V[h-f— - ]
29

1
—_—— Z U(k—k')nkmk:,—!—c 5 (316)
291

where 7y, is the occupation number for the state ¢y,. It
will prove convenient to note that Eq. (3.16) can be
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written

UON 1
Erspa(ext.)=N{h+————[U(0)— U]}
29 29

U
— — Y NueNwo
29

1
+—2 'Y UnwNueNwo—G+C, (3.17)
I nn’ o

where U, as defined by Eq. (3.7), is the Coulomb self-
energy of the charge distribution ea?(r), and

0,n’—n

Z Unn’cnvlr(/'n+m,aCn'oTCn’—m,a, (318)
m

1
G=—X'S
290 nn’ o
and Y_ »*® means sum over m withms<a or b.

We shall now argue that in these limits, and for
T>0, the free energy in the TSDA corresponding to the
extended solutions (3.11), denoted by Frspa(ext.), is
greater than F [ = Frgpa(loc.)].

We first consider the infinile-separation limit, where
Unn=0 for nm. In this case, Eq. (3.15) gives
U(k—k')=U; thus Eq. (3.17) becomes

_ UN U
Erspa(ext.) =N(k+ ”—“>~ — > NueNmo
29 29
(inf.-sep. limit). (3.19)
Noting that
(3.20)

1\705 Z lvna:Z Nke,
k

n

we see that Eq. (3.19) agrees with Eq. (3.16) (as it
must), and can be written

_ U
Erspalext.)=Nh+ —Ny(N—Ny)
N

(inf.-sep. limit). (3.21)

Similarly, Eq. (3.6) becomes

H=Nh+UY NnptNn (inf.-sep. limit). (3.22)
From these equations, it is clear that in the infinite-

separation limit,

Epgpa(ext.)#=H (inf.-sep. limit). (3.23)
For example, consider the set of states for which ¥ =9t.
Since U>0, the minimum eigenvalue of (3.21) and of
(3.22) is NA [attained in (3.22) for Npt+Nn=1, alln7;
however, the degeneracy of this ground level is two
for Eq. (3.21) (the two states occurring for N4+=0 and
Niy=N), whereas this degeneracy is 2% for Eq. (3.22)
(since either Nyt=1, Np=0 or Npt=0, V=1, for
each n, gives the minimum energy). Now there is a
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stronger version of the basic minimum principle (2.1),
namely,?

F[P]>F[Pe]:Fe
Thus, Eq. (3.23), together with this principle, yields

FTSDA(ext.) >Fe[i FTsDA(IOC.)] ) T> 0
(inf.-sep. limit).

for p#p. and T>0. (3.24)

(3.25)

In general, however, one must be careful about con-
cluding that an inequality like (3.25) is significant when
one is interested in the thermodynamic limit ( 91 —0).2!
It is possible that the difference

[FTSDA(ext.) —FTSDA(IOC.)] —0

as 9 —oo [in which case the inequality (3.25) would be
felt to have lost any significance for deciding that the
extended solutions are ‘“worse” than the localized solu-
tions ], or even that [ Fpspa (ext.) —Fpgpa (loc.) ]/9t— 0
(in which case the inequality would also be felt, al-
though less strongly, to have lost its significance). This
could happen, in an obvious way, if the difference
between Ergpa(ext.) and H occurred only in highly ex-
cited states whose energies relative to the low-lying
levels —o as 91 —oo; it could also happen in more
subtle ways. On the other hand, in the present case, the
difference in the degeneracies of the important low-
lying levels of Erspa(ext.) and H apparent from (3.21)
and (3.22) (we gave the example of the ground level
for NV=91) makes it extremely reasonable that

EF’I‘SDA (ext.) *FTSDAOOC.):]ER—I

remains positive as 91— : For 7K U/k~10°°K [the
spacing between the two lowest levels for both Hamil-
tonians, Erspa(ext.) and H, for the case of hydrogen 1s
orbitals], one strongly expects Fo~9(h—pu)—9kT In2
and Frgpa(ext.)~9(h—u)—kT In2 so that the latter
lies above the former by essentially 917" In2, a macro-
scopic and therefore significant quantity. Although we
expect that most readers will not be skeptical about this
reasoning—we were well convinced—we feel that we
must prove the inequality (3.25) rigorously, since it is
the central result of this paper. (From it follows that,

20 Mermin (Ref. 4, Appendix) almost proves this. Unfortunately,
he omits the condition 7>0, and it is possible to give a counter-
example when that condition is omitted. Namely, suppose H—uN
has a degenerate ground level, degeneracy P; then, as 7' — 0, the
eigenvalues of p. approach 1/P for each of the ground states, and
zero for all other eigenstates of H—uolN (u— wo as T — 0). Con-
sider a p=exp[—B(H —uN)]/Trexp[ —B(H—puoN)], in which
H—poN has the same eigenstates as H—puolV; its ground level is
nondegenerate, and its ground state is one of the ground states of
H—uoN. Clearly, then, F[p]—F[p.] — 0as T — 0, but p—p. does
not approach zero as 7' — 0. However, if the proviso, 7>0, is
included in the statement of the principle [as in (3.24)], then
Mermin’s proof appears to be valid.

2L Care is needed even if one is interested in macroscopic systems
(9 very large but finite). In such cases, it would seem reasonable
that a significant difference in free energies would be one that is
linear in 9 over the experimentally accessible range of 9, to an
accuracy well within that which is experimentally achievable. See
Appendix A for further discussion along these lines.
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in the present limit, the localized solutions are pre-
ferred over the extended ones.) Hence, in Appendix A,
it is shown rigorously that Frspa(ext.)—Frspa(loc.)
is a positive macroscopic quantity for 77> 0.

We next consider the zero-overlap limit (U,m7#0), in
which we must compare (3.6) with (3.16) or (3.17). For
finite 9 there is no problem in concluding the inequality
between the free energies for the two types of solutions,
Eq. (3.25), for the presence of G in (3.17) makes it clear
that (3.23) holds in this limit as well, since the two
Hamiltonians no longer even have the same set of
eigenstates. Again, however, when 91—, one must be
careful. Following the previous argument for the
infinite-separation limit, the first problem we encounter
is that the nature of the ground state of H [Eq. (3.6)]
for N =91 is not known. The additional terms, involving
Unm for n>m, would appear to be minimized, for some
simple lattices (e.g., sc, bee), when Npt+Nn=2 or 0
such that the nearest neighbors to sites with two elec-
trons would have no electrons. Thus it is not ob-
vious that the states with one electron on each atom
(Nat+Na=1, all n) minimize (3.6); that they, in
fact, do give the minimum energy is proved?? rigorously
in Appendix B. The second problem encountered is to
determine the ground state of Ergpa(ext.), Eq. (3.16).
For this case, it is shown rigorously in Appendix B that
the minimum occurs when #g=1, 7y =0 for all kin a
Brillouin zone, just as for infinite separation [Eg.
(3.21)]. Furthermore, this state |n#xr=1, #u =0, all k
in BZ)=0) is identical to the state [Nmt=1, N =0,
all sites n), which is a ground state of H. Clearly, the
degeneracy of this ground level of (3.16) is at least 2;
the important question is whether it might approach
2% as 9 —w. It is straightforward to see that if a
finite number, », of electron-hole creation operators
by byt is applied to |0), then, in the limit 9 — oo, the
energy is increased by »U (just as in the infinite-
separation limit). This suggests that the ground state is
again doubly degenerate [ the second ground state comes
from applying 9T operators b4 byt to |0), which is the
same as flipping all the spins in |0)] and that the low-T"
(K U/k) thermodynamics is the same as for the infinite-
separation limit; in particular, it suggests that (3.25)
again holds. However, this discussion leaves the pos-
sibility that, if » is a finite fraction of 9, additional
levels might occur near the ground-state energy, ap-
proaching the latter as 91 -—w. This possibility is
ruled out in Appendix C, where it is shown that the
ground level is doubly degenerate for finite 9T, and that
there is a gap A to the first excited level such that
A>(U—U)(1—1/9), where 1 is the nearest-neighbor
vector in the direct lattice.

Thus we have carried the argument in the case of the
zero-overlap limit to essentially the same point that we
had for the infinite-separation limit before we reached

22 An interesting aspect of this appendix is that it is the positive
nature of the exchange integrals between extended solutions that
allows the proof of this localization.
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the final rigorous argument of Appendix 1. Namely,
Erspa(loc.)=H, so that the localized solutions in
TSDA give the exact free energy; the ground-state
energies of Epgpa(ext.) and Ergpa(loc.) are the same;
the ground-state degeneracies are 2 and 2%, respec-
tively; and there is a finite gap A between the first two
levels of Ergpa(ext.). Hence, it is extremely plausible
that for 0<T<A/k (=10°°K), the free energy for the
extended solutions exceeds that for the localized solu-
tions by a macroscopic quantity, which is, for 274,
approximately 917 In2. This is as far as we will carry
the argument concerning localized versus extended
solutions in the TSDA for the zero-overlap limit.

We now turn to the standard thermal Hartree-Fock
approximation, THFA. The first question we ask is
whether THFA can possibly give a lower free energy
(in the present limits) than the TSDA. The answer is
“no,” as follows immediately from (3.10) and (2.1).

Next, one should ask if THFA can do as well as
TSDA. To discuss this, we first note that the solutions
of the TSD equations that we have considered [namely,
the set of localized functions @, and the set of extended
functions ¢y, of (3.11)7] are also solutions of the THF
Egs. (2.13) in the limits under consideration. For (2.13)
with 75 7, the reasons are the same as in the TSDA;
Eqgs. (2.13) for i=7 are equations for determining the
one-electron energies €;, solutions of which necessarily
exist, since (a) these are the equations for stationarity
of the free energy in THFA with respect to variations
of the g; with ¢, fixed, and (b) the free energy is bounded
from below. For the extended solutions we have, be-
cause of (2.15),

FTHFA(CX‘E.) 2 FTSDA(GXL) , (326)

and therefore, using (3.25), we conclude that the free
energy in the THFA corresponding to the extended
solutions cannot do as well as the TSDA.?

For the localized solutions, the THF Egs. (2.13)
for i= 7, with ¢ — no, become

E+U<A7n~a>+ Z Z Unn’<1\7n’a’>é€na-

n’7#n ¢’

(3.27)

In the infinite-separation limit, the sum in (3.27)
vanishes so that it reads

hot U{Nn,_o)=€n, (inf.-sep. limit), (3.28)

where ho,= —1Ry. It has been shown elsewhere® that
the minimum free energy obtainable from solutions of
(3.28) is identical to the minimum free energy arising

2 In fact, we expect that in the thermodynamic limit the
equality sign holds in (3.26). This is so partially because the
method of Bogoliubov, Zubarev, and Tserkovnikov, Soviet Phys.
—Doklady 2, 535 (1957), when adapted to this problem, gives the
equality. However, since the conditions for applicability of the
BZT method have not been determined, there could be some doubt
about this conclusion. In the special case of the infinite-separation
limit, the conclusion can be established convincingly by replacing
the factorials in Eq. (A1.7), by their Stirling approximation, and
approximating the sum by the maximum term.
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from the extended solutions of the THF equations
(again in the infinite-separation limit). Thus, using
(3.26), we see that Fpgrpa(loc.)> Frgpa(ext.), and
therefore (325) giVCS FTHFA(IOC.)>FTSDA(IOC.). Sum-
marizing the results of this paragraph, we have

minFrara>minFrspa  (inf.-sep. limit), (3.29)

where minF means the minimum of F over all of the
solutions considered here.?*

For the zero-overlap limit, let us first assume in
(3.27) that 3", (V4. is independent of site n (which is
equivalent to assuming that the thermal average charge
density has the lattice periodicity). Then (3.27) becomes

(ﬁ+ Z Un—n’)+ U<1Vn,——a> =E€no¢, (330)

n’ #n

which is of the same form as (3.28). In fact,

4 Y Uww=ho— X | aalr)?
n’ #n n’ #n
e
X I+ Y Unw=heo, (3.31)
[r—n'| o

since, to zero order in the overlap,

62 32
ax%(r) dr=
/ " |r—n'| |n—n’|

In other words, for localized solutions in which the
charge density has the lattice periodicity, the THF
equations in the zero-overlap limit are identical to those
in the infinite-separation limit. Similarly, it can be seen
straightforwardly that the free energy in the case de-
fined by {THFA, infinite-separation limit, localized
solutions, periodic total charge density} is identical to
that defined by {THFA, zero-overlap limit, localized
solutions, periodic total charge density}. Thus, using
the arguments of the preceding paragraph concerning
the infinite-separation limit, we finally conclude that
for T'0,

=Unn.

(3.32)

minFrapa>minFrspa, (zero-overlap limit ) (3.33)

for all solutions considered here, with the proviso that
the one-electron energies in the localized solutions (for
THFA) correspond to charge densities that have the
lattice periodicity.

Concerning this proviso, we add the comment that we
feel intuitively that nonperiodic charge densities can-
not at 750 give a free energy in the THFA that
equals Frgpa(loc.)(=Fexact). This feeling is based
partly on the fact that in any minimum-energy deter-
minant the charge density must be periodic (we showed
earlier in this section that Nnyt+Nn=1 all n is neces-
sary and sufficient for a Slater determinant to have

24 Equation (3.29) illustrates the failure of the THFA discussed
in Refs. 7 and 8.
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minimum energy). Further, we see no tendency for
nonperiodic charge density solutions (if they exist in
the present zero-overlap limit) to give a zero-point
entropy in THFA (any more than nonperiodic spin
densities have such a tendency—they definitely do
not give a zero-point entropy in THFA7:3 when the
charge density is periodic). And of course the zero-point
entropy So=91k1n2 is needed to achieve the lowering
—TSo in the free energy at low 7. Although this dis-
cussion does not constitute a proof, we will not pursue
this question further here.

B. Case of Small Overlap

In this section we examine the possibility of finding
localized solutions to the TSD and THF equations in
the case of large but finite separation between the
atoms, so that there is a small overlap between the
atomic electron wave functions @,,.

Specifically, we treat the largest overlap integral s
[see Eq. (3.2)] as a small quantity and seek solutions of
the TSD Egs. (2.7) and THF Egs. (2.13) of the form

‘I/nd = ano‘+ Z Nno,n’e’'An’ ¢’

n’qg’

= Z (1+7))n¢,n’0'an’(r’ ) (334)

where the coefficients 7n¢,n 0 are small (they turn out
to be of first order in the small parameter s).

Note that now that the separation between the nuclei
is large but finite, the atomic functions a,, in (3.34) are
not orthonormal. Instead, we have

(ana'[ an'a’) = (1+S)na,n'q’

= 6aa'(5nn’+snn’) ) (335)
where
Snn'=snn’*=5n’n=0 n'=n
=(@n|@a)=0(s), n's#n. (3.36)

In order that the y,, as given by (3.34) be ortho-
normal, the matrices 7 and .S must satisfy the relation

I+ A+ A+ =1, (3.37)

where 7 is the transpose of . To first order in s this
gives, if we note that the matrix .S is real,

ntn'=—S.

Thus, the Hermitian part of  is determined by the
overlap matrix S. Denoting the anti-Hermitian part of
n by —P,i.e., setting

(3.38)

gt—y=P (3.39)
with
Pt=—P, (3.40)
we have
n=—3(S+P). (3.41)



1 LOCALIZED ONE-ELECTRON STATES

It is convenient to note that the functions

¥no

l

(7

¥n
Z(snn’ —%snn’)an’av
n/

(3.42)

are orthonormal to first order, as is evident from (3.34)
and (3.38) In terms of these functions, we can write
(3.34) in the form

Ipnif:‘)zmr_% Z Prw,n'v'an’a’-

n’g’

(3.43)

We must now determine, up to order s, the matrix P
so that ¥4, of (3.43) be solutions of the TSD Egs. (2.7),
and alternatively, of the THF Eqs. (2.13). It is useful
for this purpose to introduce an operator F{y¥;} such
that its matrix elements between any two one-electron
states ¢y, ¢ is

(6| F{Wu} [ 60)= (x| 2| ¢x)+ZLI(¢d/z |9 o)V, (3.44)

where the matrix elements of » are defined by (2.8).
Note that this one-electron operator F{y,}, which de-
pends on a set of states ¥, is also an operator in the
Fock space of the system, as it involves the occupation-
number operators N;. In terms of this operator, the
TSD Egs. (2.7) can be written as

((N:—=N;) @] (i} [¢) =0,

where the angular brackets denote the average over the
TSDA density operator. Similarly, the THF Egs.
(2.13) can be written as

(Wi T} [¥5)) =€ids5,

where now the angular brackets denote the average over
the THFA density operator.

For the wave functions ¢, given by (3.43), we have
to first order in s, if we denote the quantum numbers
(no) collectively by »,

W T} ) = (| T} [ )
+3 2 [Pul(ar | (@} |a)
—P,(a, l F{arn}la)],

where we have used (3.40). Now, however, it is easy to
see from (3.44) and (3.2) that

(@] F{ar}|a)) =€, +0(s)
= [ﬁ—{_z *‘?\711” Uw’
X (1 - BW"):IBW’_I“O(S) ,

where h=h,,=ha, is the average value of the one-
electron operator % for an electron in the state a,=ax,
given by (3.3); Uyw= Unn is the Coulomb interaction
energy of two electrons in the states ¢, and @, in the

(3.45)

(3.46)

(3.47)

(3.48)
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zero-overlap limit, as given by (3.5); and NV, denotes the
occupation-number operator for the state a@,. Note
that e, in (3.48) is an operator in the Fock space of the
system such that its average value over the THFA
density operator in the zero-overlap limit is equal to
the THI energy eigenvalue g, given by (3.27). Also
from (3.43) and (2.8) we note that, up to order s, we
have

; N)\(‘l_/v‘h'l 9 l ‘Zv"l/)\) =§: AT)\(&F‘Z)\ l ﬁl‘l;v’kz)\)

—% L7\7,,—Ny’) va’Pv'v ) (349)

where we have made use of the anti-Hermitian character
of P given by (3.40). Thus we have, up to order s,

@ S} ) = (o 5} [90)
_%(Z\’7V_NV’) va'Py’v . (350)

Combining now (3.47), (3.48), and (3.50), we have, up
to order s,

| S} [¥) = (| S} [¥)
_%]:el’_el"_l-(zvv'—ATv’)Uw']Pv’y- (351)

We finally note that (%, | F{¢»} |¢¥») is to be kept up to
order s and that, according to (3.48), the part of order
s° vanishes for »’#y. Furthermore, this first term of
(3.51) is diagonal in the spin indices o, ¢/, due to the
fact that the states y¥,=y,, are definite spin states,
according to (3.42).

We can now determine P/, so that the one-electron
states ¥, given by (3.43) are solutions to the TSD
Egs. (3.45). Since the part of (3.51) of order s° when
multiplied by (V,—N,-) vanishes, the average ( ) in
(3.45) should be taken over the TSDA density operator
for zero overlap; we shall denote this by ( )o. We thus
obtain from (3.45) and (3.51) for y=no=n'ec’ =1’

1
7-Pn’d',nﬂ

<(Nnrr"“Nn’v)('/-/n] g{‘;)\} l‘;n’)>0

” <(Zvna”"Nn’n')[ena"“en’o'+(iVna_A‘Tn’a) Unn’:|>0 .
(3.52)

The denominator of (3.52) can be simplified consider-
ably for a Bravais lattice of the sitesn. Thisis not, how-
ever, important for our argument here, except that it
allowed us to show that the denominator is different
from zero, so that P of (3.52) has a finite value. In fact,
again for a Bravais lattice, one can show that the
numerator of (3.52) vanishes. We shall not demon-
strate this, however, as the more general proof of the
next section will make this point evident. We thus find
that, to order s, the wave functions ¥,,, as given by
(3.42), constitute solutions to the TSD equations. It
can easily be seen that these solutions are to order s,
particular Wannier functions appropriate to the Bloch
states constructed from the atomic orbitals @,. In the
next section we show, in fact, that for Bravais lattices,
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these Wannier states are solutions to the TSD equations
for any amount of overlap of the atomic orbitals a@x.

Let us now determine P, so that the one-electron
states ¥n, given by (3.43) be solutions to the THF
Egs. (3.46). Again, since the part of (3.48) of order s°
vanishes for »'», the average ( ) in (3.46) should
now be taken over the THFA density operator for
zero overlap; we shall denote this again by {( ).
Recalling then that [see Eq. (3.27)]

(Nao)o=f(€ns)
€ne= <emr>0 = ]-/Z_*— U(A\Tn,—a>0
+ Z Unn’ Z <1Vn’ar’>0,

n’ #n a’

(3.53)

(3.54)

where f(e) is the Fermi-Dirac distribution function,
we have

((Wa] T [Pn))o
Sna_en’v‘{" Unn’[f(en:r) _f(en’v)]

. (3.55)

1 —
iPn'V’,nv“ oo’

In order to determine P, we thus need the THF energy
eigenvalues €y, for the limit of zero overlap, which are
determined from Egs. (3.53) and (3.54). We shall not
attempt to investigate all possible solutions to these
equations. Instead, we shall consider only solutions
that give rise to a (thermal) average charge density
that has the periodicity of the crystal. These are com-
monly used solutions of the HF equations. (If other
solutions exist, they should be checked to see whether
they give a free energy lower than the free energy of the
solutions we consider here.) We shall show that for
such solutions of the THF equations the denominator of
(3.55) vanishes, while the numerator for states with the
same spin does not, and thus the desired matrix Pnen’s
does not exist. This will then show for the system under
consideration that, although in the limit of zero overlap
the THF equations do have localized solutions that
yield an average charge density with the periodicity of
the lattice, nevertheless for small overlap, one cannot
find solutions to the THF equations of the perturbation
type (3.34) that would also be localized.

In order to prove these statements, we note first
that the electronic charge density operator at point r
is, in this limited configuration model, and for zero
overlap, €Y 5 @x%(r)2 ¢ Nns. Thus, in the limit of
zero overlap, the thermal average charge density has
the periodicity of the lattice if and only if

Z <1er>0=1 ) (356)

i.e., the average number of electrons on a site is the
same for all sites, and therefore equal to one for our
model. Now Eq. (3.56) and the fact that we have a
Bravais lattice show that the last term of (3.54) be-
comes a constant K, i.e., independent of ne. Thus, for
such solutions of the THF equations, the energy eigen-
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values e,, are determined from the equations
ene=A+K)+Uf(en, o).

Considering the system of Eqgs. (3.57) for the same n
and for the two values of the spin ¢= =1, we can easily
see graphically that there are at most three solutions:
e,D, £, and ¢,®. Here e,V5#e_,1, g,M=¢g_,®,
and e,®=¢_,®, It can be shown? that solutions (1)
and (2) exist only for kT<U/4=kT*, in which case
these solutions give the minimum free energy. Thus,
for T>T*, the denominator of (3.55) obviously van-
ishes. For T<T*, the denominator again vanishes for
any pair of sites n, n’ such that €,,=¢€,,; since there are
only two possible solutions (corresponding to having the
average spin up or down), there necessarily will be some
such pairs for 9U> 2.

Finally, it can be checked that the numerator of
(3.55) is in general, different from zero. This concludes
the argument and shows that in the THFA, as applied
to this single-band model, there are no localized pertur-
bative one-electron orbitals if there is arbitrarily small
overlap, at least for the case when the (thermal) average
charge density has the periodicity of the crystal.

This result seems to contradict a well-known state-
ment in the literature?® concerning the solutions of the
HF equations for the case of the hydrogen molecule,
according to which both extended and localized solu-
tions are possible for finite interatomic separation. The
error in the argument cited in Ref. 25 is the neglect
of the possibility that the (small) exchange term that
exists for parallel spins might remove the degeneracy
of the postulated localized solution. For the case of
antiparallel spins, the exchange term vanishes, and
therefore localized solutions are possible, as Slater?
has noted. We note, however, that the two localized
solutions are degenerate, and therefore, extended
functions obtained by a unitary transformation will
also be solutions. We would, therefore, expect that
physical spin-dependent interactions will remove the
degeneracy, allowing only these extended solutions.

(3.57)

IV. CASE OF FINITE OVERLAP

In this section we shall prove that when the H atoms
form a simple Bravais lattice, then the TSD Egs. (2.7),
in the single-band model, are satisfied by localized one-
electron orbitals, namely some Wannier functions con-
structed from the atomic orbitals (3.1) [a(r—n)].
Explicitly, these are

1 1
w(r—n)= 73;( 5_1:4 ¢x(r—m) = \—/‘3221(: e ngy(r), (4.1)

where ¢x(r) are the Bloch functions constructed from

% See, e.g., F. Seitz, The Modern Theory of Solids (McGraw-
Hill Book Co., New York, 1940), p. 257.
2 J. C. Slater, Phys. Rev. 82, 338 (1951).
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the atomic orbitals a(r—n), i.e.,

Cx
¢k(r) = % § Eik-na(r_n) y (42)

with Cx a real normalization constant. It is well known
that w(r—n) is a localized function around n. It is
easy to verify that this choice of phases and the reality
of a(r—n) entail the following properties for the
Wannier functions:

(4.3)

which will prove useful later. We shall show that the
functions

w(r)=w(-1)=w()*,

(4.4)

are solutions of the TSD Egs. (2.7), by showing that
each term of (2.7) is separately equal to zero.

For states i=(no) and 7= (n'¢’) corresponding to
different spin states, i.e., for ¢’5#0, the TSD equations
are satisfied, since it is seen immediately that

Vi — Yn,=w(r—n)a,=ws(r)a,

(4.5)

For ¢’=0, however, the argument is more involved.
We first prove that for any pair of Wannier functions
wa(T), wa (r) we have, dropping the common spin index,

(Nn>—<Nn’>=0- (4.6)

[This makes the first term of the TSD Egs. (2.7)
vanish.] In order to prove (4.6), we note that for any
correspondence between the states of two complete,
orthonormal sets of one-electron orbitals, there exists a
similarity transformation that relates the occupation
number operators for the corresponding states through
a unitary operator U. Thus, for the correspondence
Wq <> Wy between the Wannier functions w, and wy
there exists a unitary operator U such that (taking the
spin of the two Wannier functions to be the same, and
suppressing the common spin index),

hnv,n’a’ o‘:‘Z}ﬂa,l; e’ 1 5«0’ .

Ny=UN UL, 4.7
Now such a AU has the property
UE(-+ Ny )W I=E(- - Nyg--+). (4.8)

providing the correspondence n<>n’ is a symmetry
operation of the crystal. To prove this, note that

UE( - Ny )U =Y o UN pUT
=
FI3 S Gt nrm UN VUL
e
=Z; BnntN
HZ L dwmr i NolVm,  (49)

where wy <> wy and wy <> Wy are related through the
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same correspondence. Taking this correspondence to be
n’=n+R, where R is a fixed vector of the Bravais
lattice, we find

hn'n' = hnn ) (4.10)

(4.11)

as can easily be checked. Finally, since the set {n’} is
identical to the set {n}, the primes in the right-hand
side of (4.9) can be dropped everywhere. This proves
(4.8). From (4.8) it immediately follows that

[ou]=0, (4.12)
where p is the density operator (2.5). Equation (4.6) is
then easily proved, since

(N2)=Tr{pNp}=Tr{pUN U1}
=Tr{WUpN o U™} =Tr{pNn}
=(Nw).
We next prove that, again for any pair of Wannier
functions w,(r), wa (1), we have

Z ‘Zjnm,n’m<(i7\7n—“vnl)4\7m> =0.

Un'm’,n’m’"=¥nm,nm

(4.13)

To prove this, it is sufficient to show that for every
m there is a corresponding m’ such that the contribu-
tions of both m and m’ to the left-hand side of (4.13)
add up to zero. We note that the correspondence
between the states w, and w, can be taken to be an in-
version through the midpoint O of the lattice vector
joining n and n’. Such a point can easily be seen to be a
point of inversion symmetry for the Bravais lattice,
and thus we may choose m’ to be the inversion m
through 0. It is then easy to show that

2‘jnm,n’m:‘anm’,n’m’, (414)
if we use Eq. (4.3). It is then sufficient to show that
<(Nn_Nn')(Nm+Nm')>=0, (415)

where the correspondences n<»n’ and m«<>m’ are the
same, namely, an inversion through the point 0. The
operator U associated with the correspondence w, <> w,
is then such that

Na=UN,U' and Nup=UNU?, (4.16)

while, owing to the inversion character of the cor-
respondence n <> 1,

U-l=qL. (4.17)

In addition, it is easy to see, again using (4.3), that for
this correspondence the matrix elements of % and v
satisfy Eqgs. (4.10) and (4.11), and thus U commutes
with the density matrix operator p, i.e., (4.12) is again
satisfied. Now if we use (4.16) and (4.12), it is trivial to
show that

(NolN ) =Ny Nm)=0, (4.18)
while

(N aN ) = (NN =0 (4.19)
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if, in addition, (4.17) is used. Adding (4.18) and (4.19),
we obtain the desired relation (4.15), which is sufficient,
in conjunction with (4.14), to prove (4.13). This makes
the second term of the TSD equations vanish.

Thus, Egs. (4.13) and (4.6) show that the one-
electron states ¢, (4.4), with the orbital part given by
the localized Wannier functions w(r—n), are solutions
of the TSD Egs. (2.7), for this single-band model of a
system of H atoms arranged on a simple Bravias lattice
of arbitrary lattice parameters.

It is worthwhile to point out that the argument
presented above is primarily based on symmetry, and
thus it can easily be applied to more general models.

Note that the result of this section is in complete
agreement with that of the previous section, where the
case of small overlap between the atomic orbitals a(r)
was considered. It is easy to show that, to first order in
the overlap parameter s, the Wannier functions w, (1),
Eq. (4.1), are identical to the ¥, Eq. (3.42), of the pre-
vious section, which were found to be, to order s,
solutions of the TSD equations.

Finally, we observe that the same argument does not
apply to the THF Egs. (2.13). In fact, we have not been
able to show whether the localized one-electron states
Yno, as given by (4.4), are solutions of the THF equa-
tions or not, although the perturbative results of the
previous section suggest that they are not solutions.

APPENDIX A: PROOF THAT Frgpa (ext.)
> FTSDA (IOC.) IN INFINITE-
SEPARATION LIMIT

Let us first evaluate Frgpa(loc).=F, in the infinite-
separation limit. In this limit the Hamiltonian is given
by Eq. (3.22), and the partition function is easily found
to be

Zo= {1426 80— 4 8200 +U1IN (A1)

The chemical potential pu is determined from the
condition

N=(N)=(1/8)(9/0w) InZ.(B,n) , (A2)
which gives, in conjunction with (A1),
p=h+3U. (A3)

With this value of the chemical potential, the partition
function Z, becomes

Z,=2%(1+¢9)%, (A4)
where
x=3BU, (AS)
and the corresponding free energy is
F.=Frspa(loc.)= “kTﬁIlﬂZ(l"}‘ex) (A6)

For the case of the extended solutions in the TSDA,
the Hamiltonian in the infinite-separation limit is given
by Eq. (3.21), and thus the partition function for the
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exact value (A3) of the chemical potential is

3=Zpspa(ext.) =TrefU (/) W1V D=1/ (NN 1]

qNN I\ /N
= 3 eBUL(L/2) (nt+n)—(1/I0) (ntnd)] ) ), (A7)
nt ny

n1=0 n}=0
m .
where ) =91!/n!(N—n)!. Doing one of the sums, we
n

find
o /N x ks
F=20eMNe/2 3 < )I:cosh—(n——%i)l)] . (A8)
n N

n=0

Considering 97 to be even for convenience, we can write

= (2e*/) NSy (%), (A9)
where
N
Sau(x)= > ay, (A10)
=39
with
N xh\T
azz< )(cosh—) =a_y. (A11)
2941 €N
To investigate the summand a;, consider
a1 [cosh(x/ﬁl)(l—l—l):lf" (9/2)—1
yHiI=—=
a cosh(xl/9) (91/2)+1+1
x\% xl x\%
= (cosh——) (1-I—tanh— tanh——)
N N N
(/2)—=1
— . (A12)
(O/2)+1+1
Consider first g; at the “end point” I=33—1,
1
g@/2—1= )
N[ cosh(x/91) [ 1 —tanhix tanh(x/9])%
(A13)
and then at the “central point” /=0,
ax
go=— =63’( In cosh(:c/i)’l)—ln[l+(2/$]l)]. (A14)
ao

The orders of magnitude that we are interested in are
U~10 eV and TZ300°K, so that x3200. We also
want 9 =10%==2¢%. Then, clearly,

tanhix~1. (A15)
Also,

x/NK1 (A16)

for all except extremely small T'; e.g., if 7> 0.01°K, then
x107 and x/91.S 10718, For definiteness we shall assume
(unless stated otherwise)

U~10eV, 10°K<T<300°K.  (A17)
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A rough idea as to Eq. (A13) is easily obtained for
these orders of magnitude by putting coshx/9t~1
+x2/292, tanh(x/2)~1, and tanhx/91~x/9C. Then
(A13) gives

1 1
2or/2—1~ — =N In[1+ @2 2)]-N In[1-(/IWI~~ —pz, (A18)

Hence, for 9~10% and T<Z300°K, geuz-1>e
=10%>>1. Note, however, the enormous sensitivity:
If T=600°K, and 9t=10%, then gwi/2—1~e*"=210%
(instead of €'*7). Also note that for T<300°K, g@t/2)—1
>1 for 1028291 Z¢20, Summarizing, we have

g@t/2—1>1 for conditions (A17) and
10829 e, (A19)
Similarly, we find
g0~8(1/2ﬁl)(12—4)> 1 (A20)
(with go=21).

These last two results suggest that a; increases
monotonically with  for />0. In the remainder of this
appendix, we shall assume this behavior, the rather
lengthy and detailed proof being made available else-

where.?” With this assumption, namely,
>0, (A21)

we shall obtain an expression for 3 of the form 3.(1+¢),

where the approximate value 3, is explicit and e is

very small, being rigorously bounded from above.
From (A9),

a<layy for

9/2)—1
3=2e")72(coshz®)®™+ X ai];
I=—[(OL/2)—1]
putting
3.=2(1+e")%, (A22)
we have
@/2)—1
3— 3,=2e*2)N > ai= .. (A23)
I=—@U/2)+1
Thus, because of (A21),
d— 3a< (26“2)9‘(%)1— 1)(1(3‘(/2)_15 Jq€ , (A24>
where
M—=Daeyn-1  (1—1)
e o= i . (A25)
2(cosh3x)® 2g @21

the last equality following from (A11). From (A13) we
have

e e=291(9—1)[cosh (x/97) %
X[1—tanh(x/2) tanh(x/97) .
But for 0<y<1,
(1—y)"=exp[(—y—$y*—Fy*—- - ) < exp(—9y).
Also,

(A26)

tanha>a—(a3/3) for «>0 (A27)

27T, A. Kaplan and P. N. Argyres, Lincoln Laboratory Tech-
nical Report, M.I.T. (unpublished).
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[proof: g(a)=tanha—a-+1c?, so that g'(a) =a?—tanh’
>0; also, g(0)=0]. Thus,

[1—tanh(x/97) tanh(x/2) %
< exp[ —97 tanh(x/91) tanh(x/2)]
Lexp[— (x—«3/3912) tanh(x/2)]. (A28)

Using the condition (A17), we see that x3/3912Z 1025,
and x/25100, so that to an extremely high accuracy,
the last upper bound is given by exp(—x«). (In fact, it is
bounded by ¢; exp(—=x) where ¢; exceeds 1 by much
less than 197.) Further,

_ G ﬂ('ac“) ,
2[1—(x/90)] 2 \9

x
cosh— <1
so that

2\ N
(cosh——) < £ In [14(1.001/2) (= /91)2]

LeODEYI Ly (A29)
where ¢, exceeds 1 by <1%. Thus, using (A29) and
(A28) in (A26), we finally have

eL e e =ce,

(A30)

where ¢ exceeds 1 by <<1%,. This is the upper bound we
have sought. Since x>200

e 2391220 (A31)
and therefore e for 912102,

We also must know that & is so small as to be ex-
perimentally “unobservable’” over the experimentally
accessible range of 9T. Clearly, 9T can increase enor-
mously and still have the right-hand side of (A31) be
very small (e.g., the latter is ~¢™1® when 91~10%). On
decreasing 9 from 102 we must check that x/9<K1
and x2/91<X1 in order that ¢ remain of order 1. But a
reduction in 9T by six orders of magnitude increases
x/9 only to 1071 so that for the conditions (A17),
x2/91< 1073, which is still comfortably small.

The free energy for the extended solutions in the
TSDA is

Frgpa(ext.)= —kTIn 3= —kT In 3,(14¢)
= —kTIn[2(1+e2)(1+€)], (A32)

where e is bounded from above by a very small number,
ce, for T<300°K and 91104, Comparison of (A32)
with (A6) yields

Frspa(ext) —F,=9kT In2—ET In2(14¢), (A33)

a clearly macroscopic, positive quantity, since 0 e< 1.

Finally, we remark on the rather unconventional but
physically correct considerations of this section. In the
usual approach, one considers only the limit 9 —,
with the expectation that there will be no observable
difference between thermodynamic quantities calculated
in this limit and those calculated with 9t~10%. In fact,



2470

we believe this to be the case here as well. However,
at least in the intermediate theoretical stages, there is a
qualitative difference in the behavior of a;, as seen from
(A18), (A19) (in the limit the maximum occurs for /
different from the end points 4=91/2, in contrast to the
behavior for physical 9 and 7).

APPENDIX B: GROUND STATES OF H AND
Ergpa(ext.) IN ZERO-OVERLAP LIMIT

In the limit of zero overlap, the exact model Hamil-
tonian H is given by (3.6). We are interested here in its
ground state for the total number of electrons fixed at
the number of sites

> Nao=91.

ne

(B1)

Then we can write (3.6) as

H=9h4+UY (N2=Nn)+3 > UsnNoNu+C, (B2)

where
Ny=Nwu+Nu. (B3)
The constraints on the V, are given by
S Na=9 (B4)
and
N,=0,1, or 2. (B5)
With
Na=S51+1, (B6)
(B4) gives
2. S.=0 (B7)
and (B5) becomes
Sa=0, £1; (B8)
further, (B2) is, conveniently,
HZ%Z UnmSnSm+E0, (B9>

where Ey= —9 Ry, the ground-state energy of 9
isolated hydrogen atoms.?

Going to the Fourier representation
1 5 g
Sa= ——2_ el gy
n \/31 - )

using Unm= Un—m plus the periodic boundary condi-
tions, we can write (B9) as

H=} ij U(k)| x| 24Eo,

(B10)

(B11)

where U(k) is given by (3.15). In the zero-overlap limit,

28 Putting (B6) into (B2) and using (B7) and (B9) yields
E0=3U'L+C+%E]l Z, Unmzm(an‘pz/zm_ez/k—nl |an)
=9 Y’ (an|e?/|r—m]|an)+O/2)L" Unm
+O1/2)Y ¢¢/|n—m]| .

In the zero-overlap limit, the last three terms cancel exactly,
and thus Eo= 9.
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(3.15) may also be written in the more familiar form

e2

U(k—k’)=&)l/drdr’l | ()

r—r
X* () (D) i), (B12)

the exchange integral between the usual spatial Bloch
functions

be(r) =912 Y exp(ik-n)a(r—n).

Because of (B12), we have

Uk)=>0. (B13)
Hence, from (B11) and (B13),
H>E,, (B14)
with the minimum value attained when
ox=0, all k. (B15)

Thus the minimum of H occurs when S,=0, i.e., when

N,=1, alln. (B16)
This is the desired result, namely that, neglecting the
overlap of atomic orbitals, the minimum energy of H
occurs for those states (2% of them) in which there is one
electron at each site, even when (long-range) Coulomb
interactions are included.

We now wish to show that the minimum value of
Erspalext.), Eq. (3.16), for N=9 occurs for nx=1,
n =0, all k. Writing

ke =3(14sxq) , (B17)
we see that 3y, 7x,= 9T gives
Y ko Ske=0, (B18)
and that #4,=0, 1 means
ske==1. (B19)

Putting (B17) into (3.16) and using (B18) plus the
remark in Ref. 28 gives, in the zero-overlap limit,

1
ETSDA(ext.) =E0+%E)IU— _— Z U(k—kl)skask’u
897 kk’e

= Ey ;U —30. (B20)
Thus our problem is to find the maximum of
1
Q=— 2 Ulk—K)skswo (B21)

N kk’e
subject to the constraints

Sk,,2= 1

(B22)
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and
Z Ske = 0 . (st)
ko
Clearly,
1
0< — 2 Max U(k—K')sgoskro, (B24)

I kKo skp,5k's
where the maximum is taken subject to (B22), but
ignoring (B23). Thus,

1
0 — 2 Uk—K),
9n

kk’o

(B25)

the last step following the fact that U(k)> 0. Further-
more, the upper bound (B25) on Q is reached by a set of
Sko, Which satisfy all the constraints, namely,

siw=1, su=-—1, all k. (B26)
It now follows that the maximum of Q, Qmax, subject to

the constraints (B22) end (B23), is
Qmax";thl Z U(k—‘kl) =2£RU,

kk’

(B27)

and this is reached when, corresponding to (B26),

=1 and #n=0. (B28)
Thus, putting (B27) into (B20), we see that the ground-
state energy of the approximate Hamiltonian in TSDA
for the extended solutions is

[ETSDA(eXt.):]mm= Eo, (B29)

the same as the ground-state energy of H, and a ground
state is |#xr=1, n =0, all k)=|0). We note that it
was necessary to transform the 7y, to the sx, in order to
have applied successfully the approach embodied in
(B24). The same approach applied directly to the sum
in (3.16) would give

z U(k-—-k’)nk.,nk:.,§ Z max[U(k—k’)nk,nkr.,]
=23 U(k—k');

but the last expression is reached only when #nit
=mny = 1, all k, which violales the constraint 3_x, #2io= 9
and thus does not allow one to draw the desired con-
clusion (B27) plus the surrounding sentence.

APPENDIX C: EXISTENCE OF AN ENERGY GAP
FOR Ergpa (ext.) IN ZERO-OVERLAP LIMIT

We consider here the approximate Hamiltonian
Ergpalext.), Eq. (3.16), in the basis of its eigenstates,
so that the ny, are 0 or 1, this being equivalent to
(B20), with the sx, being —1 or 1. We shall show that
there are exactly two eigenstates with the minimum
energy, and that there is a finite gap between this and
the next higher energy even in the limit 91 —.
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In terms of the Fourier transform x4, of Sk,
: 2 (C1)
Ske= —"— e’ .nxnv,
N
(B21) becomes
Q=2 [%as|*Uoa. (C2)
Note that 3k si,2= 9 is equvalent to
2 | @ne| 2 =9, (C3)

defining two “spheres,” 8, one in the space of variables
x1t, ¥2t, . .., the other in space x14, xo4, ..., such that
any point satisfying (B22) must lie on the appropriate
one of these spheres. Putting

Qv=an | %] *Uon, (C4)
we see that
0,< UZ;: [®no|?
(U2 Uoy). Hence,
max Qe=NU=Qy0, (Cs)

Pﬂfgv

where the maximum is over all points P ,= (%14,220,. . .)
lying on 8,. Thus the maximum of Q= Q14 Qs over all
pairs P, Py such that Pre8$t and Pye8, is 29U. Noting
that this value is attained by a set of x,, such that (B22)
and (B23) are satisfied (namely, xor=+/9= —uxoq,
Zne=0 all n>#0), we have an alternate to the proof
already given (Appendix B) that this state gives the
minimum energy of Ergpa(ext.) [see Eq. (B27)]. Now,
however, we can go further and say something about the
next highest value of Ergpa(ext.).
Consider the constraint C:

Z 1xﬂ’|2=ca

n>=0

(Co)

|wos | 2= —c,

with, of course, 0< < 9. Clearly, any point satisfying
(C6) will lie on the “sphere” 8, [i.e., will satisfy (C3)].
Further, for any point satisfying (C6), we have

Qo= —c)U+ éjo [%n0|2Uon
SNU—(U—Up1)c=Qm., (CT)

where 1 is a nearest-neighbor vector of the direct lattice
(we have used the fact that for zero overlap Uoa
=e¢?/|n|, which decreases with |n|). Hence, Qmn.
monotonically decreases with increasing ¢. But

1
XYoo= Z Skoy

Vo E

so that for points satisfying (B22), i.e., sk,2=1, the
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possible values of +/9lxo, are N, N—2, N—4, ...,
—91, with corresponding values

1 l
c=0,4(1———), .. .,4l<1——), .... (C8
N N

Thus the maximum of Q, over all points satisfying
(B22), namely, 9TU =, [see Eq. (C5)], is achieved
at two and only two such points, namely, xo,= ==/,
Zne=0 for all n>#0. Further, using (C7) and (C8), we
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see that Q,1, the second largest value of Q, satisfying
(B22), must satisfy

Qe0—Qo12 (U—Un)4(1—-1/2). (C9)

It now follows readily that the difference, Egp(Z=0),
between the lowest and the next-lowest values of (B20),
subject to the constraints (B22) and (B23), must satisfy

Egp2 (U—Un)(1—-1/97), (C10)

which is, of course, finite as 91—,
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Calculations of the Intensity of X-Ray Diffuse Scattering Produced by
Point Defects in Cubic Metals*
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We have calculated isointensity profiles for the diffuse x-ray scattering associated with certain types of
defects in Cu, Al, Na, K, Li, and a theoretical model lattice. These profiles were computed for high-sym-
metry planes very close to reciprocal-lattice points of the (S, 0,0), (S,5,0), and (S,S,S) type. Both cubic
and double-force defects were treated. The calculations were done using a technique presented by Kanzaki
for the theoretical model lattice. Kanzaki’s general conclusion that cubic defects produce leminiscate profiles
and that double-force defects produce ellipsoidal profiles is confirmed for all the material studied. Our profiles
for the model lattice agree with those obtained by Kanzaki, except for the profiles due to a double-force

defect near an (S,S,S) reciprocal-lattice point.

I. INTRODUCTION

EN a defect is introduced into a crystal, it

causes the atoms of the host lattice to become
displaced from their perfect lattice sites to new equi-
librium positions. These strain-field effects produce an
associated change in the crystal volume, a change in its
macroscopic electrical resistivity, and a diffuse x-ray
scattering superimposed on the Bragg peaks of the
normal lattice. Of these three effects, the last contains
the most detailed information about the structure of the
defect and can be used to discriminate between point
defects and defect aggregates.

Kanzaki! presented a method for calculating the
isointensity contours of the x-ray diffuse scattering
associated with certain classes of defects. In particular,
he applied the method to defects in an fcc model Jattice,
the elastic constants of which satisfied the constraint
that C11=2C12=2C4. The technique used in per-

* Work performed under the auspices of the U. S. Atomic
Energy Commission.

t Summer employee, Lawrence Radiation Laboratory, Liver-
more, Calif. 94550. Permanent address: Physics Laboratory,
University of Nebraska at Omaha, Omaha, Neb. 68132.
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Laboratory, Livermore, Calif. 94550. Permanent address: Behlen
Laboratory of Physics, University of Nebraska, Lincoln, Neb.
68508.

1 H. Kanzaki, J. Phys. Chem. Solids 2, 107 (1957).

forming these calculations is an application of the
method of lattice statics.2™* This method is based on
the Fourier transformation of the direct-space equi-
librium equations for a lattice containing NV host atoms
and one defect, which is taken to be at the center of the
crystal. Periodic boundary conditions are imposed
across the face of the crystal, and this can be shown to
be equivalent to solving the problem for a superlattice
of defects with one defect in each supercell. Each
supercell contains NV atoms. The Fourier transformation
reduces the 3NV X3N matrix of direct-space equilibrium
equations to N-independent 3X3 matrix equations,
each of which determines one of the Fourier amplitudes
of the displacement field. Each of these equations is
readily soluble and one then determines the direct-space
displacements by Fourier inversion. However, as we
show, this technique is particularly suited to the study
of diffuse x-ray scattering, since it is the Fourier ampli-
tudes themselves which enter directly into the relevant
equations. In the present paper, we are only concerned,
as was Kanzaki, with the diffuse scattering in the
immediate vicinity of the Bragg peaks, and this enables
us to use the lattice-statics equations appropriate to

2 H. Kanzaki, J. Phys. Chem. Solids 2, 24 (1957).
3J. R. Hardy, J. Phys. Chem. Solids 15, 39 (1960).
4J. W. Flocken and J. R. Hardy, Phys. Rev. 175, 919 (1968).



