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Hubbard’s model for studying correlation effects in systems with narrow energy bands is analyzed by
means of a technique which allows the calculation of moments of the individual peaks in the spectral weight
function for single-particle excitations. The analysis of the zeroth moments of the peaks shows that the
total weight in the bands depends on the strength of the kinetic-energy term in the Hamiltonian even
though the bands may be narrow and widely separated. This conclusion is illustrated and verified by an
exact calculation for the case when there are only two lattice sites. Analysis of first and higher moments
yields results for nonmagnetic or paramagnetic phases which are in qualitative agreement with Hubbard’s
improved solution. However, we find that (a) there occurs a spin-dependent shift in the band energies which
has not been obtained by other treatments of the model and which energetically favors ferromagnetism, and
(b) single-particle excitations are more heavily damped in antiferromagnetic than in isomorphic paramag-

netic phases.

I. INTRODUCTION

ANY problems in theoretical physics are attacked
by considering models with mathematical de-
scriptions which are usefully simpler than those of real
systems. So long as the model builder has sufficient
insight into the physical mechanisms dominating the
real problem and sufficient insight into the model
itself, this approach can be very illuminating. Of course,
the model is usually not exactly soluble and con-
sequently approximations must be employed. Thus we
often find ourselves with approximate solutions to a
model problem. When we want to know how to make
connection with experiment two levels of question arise.
First, how well do the approximate solutions reflect
the exact properties of the model, and then second, of
course, how well does the model reflect the properties
of real systems?

This paper directs itself for the most part at the
first type of question. We have devised a method! of
analyzing the narrow-energy-band model studied by
Hubbard? and others.>6 Our technique illuminates
several properties of the spectral weight and density
of state functions for the electrons which are un-
ambiguously real within this model and not mani-
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festations of an approximation scheme. Our results
therefore shed considerable light on the model and to
the extent that the model is sound, give information
about the real narrow energy-band systems with which
it is associated. Our results can also be used to check
particular aspects of approximation schemes to see if
the relationships we derive are found to be true for
such approximate solutions.

Hubbard’s model is essentially a cell model for the
electron gas with Coulomb repulsion completely
screened out except between electrons in the same cell,
or as it is referred to in this context, on the same
crystal site. In its simpler form only a single s band is
considered, that is, there is just one spatial state per
site. Thus this model is essentially the simplest in
which the kinetic energy and band shape, the Coulomb
repulsion and correlation effects, and of course the
exclusion principle can all be seen working together
and against one another in a context related to electrical
and magnetic properties of the transition metals and
transition-metal oxides.

Our approach to the problem is built around moment
techniques. We have devised a way to project out of
the density of states and spectral weight functions of
the theory, those parts referring to individual energy
bands. The moments of individual bands can then be
expressed in terms of correlation functions in a sys-
tematic way. Of course, the correlation functions them-
selves can only be estimated or approximately cal-
culated, but their relationships to the moments of the
bands are rigorous. It is in these relationships that
most of our results lie although we do make some further
approximations in order to calculate the correlation
functions and demonstrate some of the implications of
the relationships.

295



296

After defining mathematical quantities in Sec. II,
we present in Sec. IIT an exact solution for the special
case in which there are only two sites. Our purpose
is to illustrate in a transparent way one of the perhaps
most surprising properties of this model and to show
in passing that this property is easily expressed as a
relationship between band moments and correlation
functions. What is shown is that the total number of
states in particular energy bands can increase or
decrease linearly with the strength of the kinetic energy
or “hopping” term in the Hamiltonian, no matter how
small this term is compared to the separation between
bands.

In Sec. IV we develop the projection technique which
gives us the spectral weight associated with each band
for the infinite system. We utilize a canonical trans-
formation used by Kohn in a related problem. While
our technique is quite general, we can only get explicit
expressions for the generator of the transformation and
other quantities involved if we make expansions in
terms of a parameter proportional to the kinetic
divided by the potential energy and thus our explicit
results are restricted to the narrow band situations and
can not be extended in their present form to cases in
which bands broaden to the point of merging. It is in
this section that we show how to relate moments of
the individual bands to equal time expectation values
or particular correlation functions. Our approach is an
extension of the well-known moment calculations as
applied to nuclear-magnetic- or electron-spin-resonance
line shapes.®1

In Sec. V our technique is applied to the question
raised in Sec. ITI, namely to the shift in weight from
one band to another due to the hopping or kinetic
energy. We find that this shift occurs in the infinite site
case as it did in the two site case and contrast this with
simple models of alloys and interband mixing for which
such a shift does not occur. We also show that the
shift does not occur in the one case where it would
have a drastic affect on the electrical properties, that
is, when there is precisely one electron per site and
therefore a precisely filled lower band.

In Sec. VI we illustrate how our relationships can
be used to check other forms of calculation by com-
paring the band narrowing and energy shift pre-
dictions in Hubbard’s approximate Green’s functions
calculations'? with our predictions of the same
quantities.

Finally we analyze in Secs. VII and VIII the im-
plications of our work in the possible ferromagnetic
and antiferromagnetic cases which are embodied in

7W. Kohn, Phys. Rev. 133, A171 (1964).
8J. H. Van Vleck, Phys. Rev. 74, 1168 (1948).
9 R. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954).
M. H. L. Pryce and K. W, H. Stevens, Proc. Phys. Soc.
(London) A63, 36 (1950).
(119161(\)/1). McMillan and W. Opechowski, Can. J. Phys. 38, 1168
2 J, Hubbard, Proc. Roy. Soc. (London) A281, 401 (1964).
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this model. We find that the energy shifts predicted
by the moments play a dominant role in ferromagnetic
stability. For the one electron per site case in which
the ground state is antiferromagnetic we are able to
show that the one electron states of precise wave
number are broadened to a larger extent than when the
system is paramagnetic.

II. FORMALISM AND DEFINITIONS

Using the notation of Hubbard,? we write the
Hamiltonian for the model as

= Z TijCTigc,'a—l—I Z Wiy

ijo i

(2.1)

The operator ¢t;, creates an electron in a Wannier state
centered about the atomic core at position R; with z
component of spin 3o, where o= +1. We are considering
only one Wannier function per atomic site, and those
referring to different sites are orthogonal, so that we
have the usual Fermion anticommutation relation

(2.2)

The coefficients 7';; in the kinetic energy term are
related to the Bloch energies e(k) corresponding to
the single-electron states in the lattice by the relation

Tij=N- 2 e(k) exp[ik- (Ri—R))],  (2.3)

k

{CTiay Cig’ }+= 6,']‘5“: .

where N is the number of sites. We take T';;=0; how-
ever our formulas can easily be generalized to the case
T:#0. We do not assume a particular form for e(k)
so that the model can be used to discuss bands of
different shapes and properties. In Sec. IV we shall
find it convenient to write 7';;=A#; where A is the
root-mean-square band width:

;l Ti; | *= A% (2.4)

2o ] 2=1.
J

Using this convention, one has a single expansion param-
eter A/I, the f; being regarded as constants which
describe the shape of the band but not its size. The
constant 7 is the Coulomb energy due to the repulsion
between two electrons of opposite spin at the same site
and appears in the Hamiltonian multiplied by the
number operator #;, and #,_,, where as usual

Nig= GTiqc'iq- (25)
By using this model we ignore Coulomb repulsion
between electrons unless the electrons are at the same
site.

We will use thermodynamic averages defined with
respect to the canonical ensemble. For any operator B
we define the expectation value of B by

(B)=Z2" Tr[exp(—p3¢) B, (2.6)

where

Z="Tr exp(—bsc). 2.7
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The trace is the diagonal sum over states having a
fixed number N, of electrons. In Sec. ITI we will find
it useful to indicate explicitly the number of electrons
present with subscripts of the form {1 7 | } in which
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the numbers of up and down arrows specify the number
of spin-up and spin-down electrons, respectively.

The one-electron spectral weight function®®:* (SWF)
is defined as follows:

A%i(w) =272 Zb S(w—Ep+Ea) (a | cio [0)(0 | ¢'is | @) exp(—BEa)

420271 Y 8(w—E,+Eg){a | ctie | d){d | ci | @) exp(—BE,). (2.8)
ad

Here | a), | b), and | ) are eigenstates by the full many-body Hamiltonian H with energy eigenvalues E,, Ey,
and E; Note that using the canonical ensemble the states | 5) and | &) have, respectively, N,+1 and N,—1 particles.
If the subscripts ¢ and j are replaced by momentum variables one obtains a definition for the SWF A%y, (w)

which for a homogeneous system vanishes unless 4=2'. The electron density of states is defined by

o7 (B) = (2nN)™ 2 A°(E) = (2N) 7 30 A (B).

(2.9)

When we confine our attention to homogeneous systems, we have

p7(E) =(1/27) A°:(E),

(2.10)

where ¢ refers to an arbitrary site. Multiplying the function p?(E) by appropriately chosen Fermi factors gives
the density of filled and empty electron states at energy E.
The basis for the moment technique is the relation between the anticommutator and the SWF

(lea®, e ))= [ 4ei0) explio(t—1)J(d/2),

which follows directly from Eq. (2.8).

III. EXACTLY SOLUBLE TWO-SITE MODEL

In this section we will discuss the exact density of
states calculated for the version of the model for which
there are only two sites. The Hamiltonian is

Se=t 3, ctititI D namy,

i#j,0 i

(3.1)

where 7 and j range over just two values, 1 and 2. This
simple model gives a direct and exact illustration of
important points we utilize in our discussion of the
infinite crystal in the next section.

The functions we will be studying in this section
are pl()(E) and p'1y(E). In accordance with the
notation introduced in the previous section these are

21 - -1
>
©
& 1| —2 —2
z
w
of —2 —1 =2
t tt ti ti tti
or or or
i H ti
Ne

Fic. 1. Energy levels for the two-site model for ¢=0. Each
column corresponds to a fixed number of up- and down-spin
electrons as indicated by the arrows.

(2.11)

the density of states for the addition of one up-spin
electron to a system already containing, respectively,
one down-spin electron, and two electrons of opposite
spin.

In order to illustrate clearly the changes in p'(}(E)
induced by the kinetic energy we first calculate
o' 143 (E)o, its value for zero £ Thus, we find the density
of states for a spin-up electron for the system containing
one spin-down electron when no hopping is allowed. For
this purpose we have calculated the energy levels and
their degeneracies for t=0 as shown in Fig. 1. Matrix
elements referring to transitions from the first to the
third columns in Fig. 1 will be involved. The eigen-
states in the case {N,}={|} are given in Table I.
For the four states when {N,}={1 | }, labeled by 4 in
Eq. (2.8) we use those in Table II. Since Z{ | }=2
we get

ot (E) =3 Zb 8(E—Ev+FE,) | (blctala)|? (3.2a)

=16(E)+38(E—-T). (3.2b)

The density of states is equally distributed between

13 Had we chosen a grand canonical ensemble, the natural
generalization of Eq. (28) would coincide with the usual defini-
tion (Ref. 14) of the SWF corresponding to the Green’s function

Gii® (8, V) = —i{T (cis () c3sT (#))).

4 1. P. Kadanoff and G. Baym, Quanium Statistical Mechanics
(W. A. Benjamin, Inc., New York, 1962).



298 A. B. HARRIS AND R. V. LANGE 157
Tasie L2 Eigenstates and eigenvalues for {N,}={ ]} and {=0. Jefined by the equations
| D)= (2)72(ctucty+cluc's) | 0),
State Energy
| 2)=(2)72(ctucty—ctucty) | 0),
| a)=cyy1]0) 0 | 3)=(2)72(ctycty+ctucty) 1 0),
| azy=cs T 0) 0 | 4)=(2)72(cT ety — c'ue’y) | 0), (34)
the Hamiltonian becomes the 4X4 matrix
2 The symbol | 0) signifies the vacuum state. r I 0 2t 0_
two bands,”® one at zero energy and the other at 01 00
energy I. (3.5)
We now let ¢ be nonzero and carry out the same cal- 20 00
culation. The degeneracies in the spectrum of Fig. 1
| 0 0 0 0.

will be split, but we will keep ¢ small so that the energy
shifts of the eigenstates are small compared to 7. This
is the “narrow-band limit” for our simple case. For
N.={|}, the state table is given in Table III. Now,
Z(“=€m+e“ﬂt. (33)

For {N,={1 |} the situation is only slightly more
complicated. If we take for a basis the four vectors

Pl (E) = (eftte P 57,“ S(E—EytE,) exp(—BEd) || ¢t | a)l?,

Diagonalization of this matrix gives the eigenstates
and eigenvalues found in Table IV. In Table IV we
use the notation

E =314 (4243121, (3.6)

The relevant energy-level diagram is given in Fig. 2.
All the degeneracy is removed. The density of states
is given by

3.7

where the summation is over the a and & states which appear in Tables IIT and IV, respectively. As expected
the density of states is independent of whether operators for site 1 or site 2 are inserted into the above matrix
elements, and is given as

pt i (B) =[4(14e) THLA =)/ AN B(E—Ey—1) 0 (E—1—1) +[ (147) 2/ (142,2) Je26¢
XO(E—Ey41) +e 85 (E—T+1) +38(E—1) +[ (1—N_)2/ (14-N2) 6 (E—E_—1f) +et (E-+-1)

FLAN)Y (A+N2) Je? 5 (E—E_+1)}, (3.8)

where first four delta functions in Eq. (3.8). Thus we get

A= (1/2¢) E,. (3.9)

The function on the right-hand side of Eq. (3.8)
has weight at eight distinct energies, four of which are
clustered near 7/ forming an upper band and four
clustered near zero forming a lower band. The weight
in the upper band is given by an integral of p'y;,(E)
over a range of energy including the upper band only
and is therefore, equal to the sum of coefficients of the

Py (E)dE,
upper band
(1=
e |

(3.10a)

Pu=

tE,
TE,+8¢

_1
Pu=3—

] . (3.10b)

and

o= [ o' (E)dE, (3.112)
lower band

18 Qur use of the word “band” may be somewhat unorthodox
but we believe quite useful. Band theory is based on the one-
electron approximation whereby an effective one-body Hamil-
tonian is constructed. We prefer to regard this as a particular
approximation to the SWF, i.e., the quasiparticle approximation.
Whereas finite lifetimes are difficult to reconcile with a band
picture, they are naturally incorporated into the SWF which
allows one to form a physical picture of approximations more
sophisticated than the one-electron models. Accordingly, we refer
to an upper and lower band although this type of effect due to
correlations cannot be adequately accounted for by the usual
band models.

=3+

(1= [ (3.11b)

(1)

It is obvious that the sum rule

tE, ]
TE. 482

+co
[t mae=1 (3.12)
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Tasik II. Eigenstates and eigenvalues for {N,}={1 | } and¢=0.

State Energy
lbl>=Cl1sz¢T [0) 0
| bey=cotteyy 1 0) 0
lb3>=611TCuTIO> I
Ib4>=621TCz¢T IO) I

is satisfied for all . For the narrow band case, (¢/1)<1,
the expressions simplify to

b= (/) (1= e/ 1469,

=5+ (/I) (1—e#t/1+e2%").  (3.13b)

The atomic-limit value of 3 for p, and p; is obtained
only at infinite temperature.

In order to understand this result we must recall
the way the degeneracy was removed for the case
{N.}=1{|} by the nonzero {. In Table III the ground
state and excited state are listed and in each there is a
definite phase relation between parts referring to
different sites. If the previous calculation of p, and p;
have been done with these phases randomized rather
than kept at their actual values the result would have
been p,=p;=%. At infinite temperature this randomiza-
tion is effectively carried out since thermodynamic
averages become simply expectation values in an
equal and incoherent mixture of the ground state and
excited state. At any finite temperature the unequal
weighting of the two states in thermodynamic average
prevents the interference due to these phases from
being completely obliterated.

Another quantity which clearly reflects these distinct
phases is the expectation value of the interatomic
kinetic energy per site J, given by

Jp= %t E (CTitrCiv>-
]

We will calculate again for the case {N.}=1{|} and
use the states from Table III. The necessary matrix
elements are

(3.13a)
and

(3.14)

(@] ctycy | a)=—3,  i#j (3.15a)

(az| ctieyy | a2)=1, i7] (3.15b)
so that we get

Siy=—%t(1—e¥t/1+4e%"). (3.16)

In this calculation, as in that for p, and p;, the existence

Tasie III. Eigenstates and eigenvalues for {N,}=1{| }
and nonzero £.

State Energy

| a)=2"1"2(c;y T—c 1) | 0) —t
| a)=2"12(c;y T4c5y ) | 0) ¢
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TaBLE IV.» Eigenstates and eigenvalues for {N,}=
{1 |} and nonzero 2.

State Energy
[0)= (= [1)+]3))/(1-r2)12 E_
[b2)=]4) 0
[ bs)=]2) I
[oay= (0 [ 1)1 3)) /(14N E,

8 Ny=(1/2t)Ey, see Eq. (3.6).
b States | 1), | 2), etc. are defined in Eq. (3.4).

of precise phase relationships in | ¢;) and | a;) is im-
portant. In fact, the calculations are closely related
and if we wished we could use this result to write for
LI

Pu= %"’"2 5“4)/1)

pi=3—23,,/I.

(3.172)
(3.17b)

In the next section we will find that the kinetic energy
can be related to the redistribution of the density of
states among the bands for the infinite crystal as well.
The general feature of these calculations which we
must carry over to the infinite array is simply the
following. There is a great deal of degeneracy in the
atomic limit in this model, since the energy of a state
is a function only of the number of doubly occupied
atoms. When the hopping is turned on there is a zero-
order mixing of states of equal unperturbed energy
characteristic of degenerate perturbation theory. Ordi-
narily the detailed nature of this phenomenon can be
calculated only for simple situations such as those we
discuss in this section. In the general case such a
calculation becomes a very difficult excluded volume
problem. Although we can not solve such a cooperative
problem for the infinite crystal we will assume that
matrix elements such as those appearing in Egs.
(3.14) and (3.15) can be nonzero and independent of
t/I for ¢/I small. That is, a quantity like 3, is of order
¢ and not of order #2/1. No approximation scheme based
on the notion that quantities such as {ci*cjr) for 15
must be at least first order in #/7 can possibly treat I,
accurately enough to allow a prediction of p, and p; to
first order in #/1.

Before going on to the infinite array in the next
section, let us see how p, and p; depend on ¢ in the special

F1c. 2. Energy levels

for the two-site model 2I
for i<I. The value i=
0.2 was used. Each
column corresponds to
a fixed number of up-
and down-spin electrons —_

as indicated by the o-  _ =
arrows.

ENERGY
|
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TasLE V. Eigenstates and eigenvalues needed to evaluate
Eq. (3.18).
State Energy

[0)=(- 1)+ |3))/ (142212 E_

| a)=2"12(cyy T —coy N enp Tezy 71 0) I—¢

[ as)=2722(cy, Ttcoy Deny Tem 7| 0) I+t

| d1)=27"2(cyy—cn) | 0) —t

l d2>=2*l12 (Cl;f—*‘cuf) ‘ 0> ¢

case of one electron per atom at zero temperature. This
is the molecular analogy to substances like NiO or the
collection of hydrogenic atoms studied by Kohn.” In
the atomic limit there are two bands of which the
lower one is completely full. There is an energy gap
between the empty and filled bands which leads to a
prediction of insulating properties. The work of Mott!®
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and Hubbard? on the transition from insulator to
conductor which must occur when the hopping has
increased sufficiently depends critically on the lower
band being precisely full and the upper band precisely
empty as long as the bands are distinct. This guarantees
that the gap between the bands acts as an energy gap
for single-particle excitations. Our discovery that the
density of states in each band can change with the
hopping parameters may seem to contradict this
picture. If single-particle excitations move from one
band to the other, either the lower band will be partially
empty or the upper band partially full and the energy
gap will lose its significance. However, we now show
that when there is one electron per atom the zero tem-
perature values of p, and p; are in fact independent of ¢.
At finite temperature there will of course be thermally
excited electrons in the upper band. This effect, which
is characteristic of semiconductors is not of interest to
us here, however.
At zero temperature pt (1) (E) is given by

oty (B) =20 0(E—Eot+Ey) [a| ety | 0)P4 2 8(E—EotEa) [(d | e | B)]3, (3.18)

a d

where the states needed are given in Table V.
Performing the summation we get
(1-=\)2 . (142)?
t _—— —_ —_— ——I—— —
Pt (E) TEESNE) $(E—I+1+E_) +4(1+>\_2) o(E t+E_)
(1422 (1—a)2 .

+m S(E—E_+1) +4<1+>\‘2) S(E—E_—1t). (3.19)

Here we again find weight at energies clustered near
I and near zero defining two bands. Integrating
o' 14y (E) over the bands separately we find

10 , (1A
= =1 3.20
Pu 4(1"[—)\_2) 4(1+)\_2) 2 ( a’)
and likewise
=73 (3.20b)

Both p, and p; are independent of ¢ and are equal to
their values in the atomic limit. Thus as / increases,
the lower band remains full and available states for
an electron are found only above an energy gap
equalling the gap between the bands.

Another way we can see that this has to be the case
is to look at the energy level diagram, Fig. 1. For /=0,
the lowest state for the three-electron system lies at
an energy I above the lowest state for the two-electron
system. This is because there is precisely one electron
on each atom in the ground state and another electron
cannot be added without some atom being doubly
occupied. For nonzero but small #(#X7) these ground-
state energies change only slightly and there is still an

1 N. F. Mott, Proc. Phys. Soc. (London) A62, 416 (1949);
Phil. Mag. 6, 287 (1961).

energy of the order of / which must be supplied to add
an electron. This must be reflected in the band picture
as a full band separated by a gap from an empty band.
Only in the one electron per atom case is there such a
simple relationship between the band picture and the
energy levels for the entire system. In the next section
we will see that the relationship between kinetic
energy and the band weights p, and p; is more compli-
cated than is suggested by Eq. (3.17) but that it is
modified in a way which yields the special result for
this half-filled band case.

To summarize the results of this section: We have
shown that for a two-site model the total weights in
the lower and upper bands are not maintained at their
atomic-limit values as the hopping is turned on. It
might be argued that these effects are of order (1/N)
and hence become unimportant for large systems. As
we shall see in the next section this is not the case;
that is, the shift in weight from one band to the other
is of order 1 and not of order (1/N) and hence persists
even for large systems.

IV. THE MOMENT TECHNIQUE

We now turn our attention toward approximate cal-
culations for the many-body system. We aim to obtain
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information about the spectral weight function (SWF)
by calculating some of the lowest-order moments
associated with the peaks in the SWF. This approach
is most useful when the SWF consists of isolated peaks
whose breadth is much less than the separation between
successive peaks. For AT this condition is probably
well fulfilled, so that a moment calculation is expected
to be fruitful.
The moments of the SWF are defined as
+o0
M""””:f A% () w"(dw/2t), (4.1)
where # and v are either position or momentum labels.
For convenience we introduce the characteristic
function f7,,(2) :

%o (£) = 22 Mo (—it)"(n)) 7!

- T fos(@) e (de/2m). (42)

According to (2.11) the characteristic function has a
simple interpretation:

Joun(t—1) = {{cua (D), cToo(£) ). (4.3)

Note that according to (4.2)
M= (/90 "f%un (8) | 1= (4.4a)
= (i8/0t)"(—18/3t') " fru(1—1) | =/, (4.4b)

irrespective of the choice of 7. Explicitly Eq. (4.4b) is

| « 7 factors — |
M™pe= ({ I:' .- [[Cua; 'ZC]: 3@],' %y Zc:];

| <= n—r factors — |

[se, -+, [5¢, [9€, cTu]]e -+ Ih4). (45)

In general the lowest few moments of the full SWF give
little insight into the detailed shape of the SWF. On
the other hand, from the lowest few moments of the
individual peaks in the SWF we can obtain a great deal
of useful information.

We decompose the Hamiltonian as follows:

=307V, (4.6)

where
JCo=1 Z NNy, (4.7a)
V=A Z t3i€tisCion (4.7b)

ijo

If A=0 it is easy to see that the SWF will be nonzero
only at the precise energies 0 and 7. This result obtains
because the Hamiltonian 3o has eigenstates which can
be labeled by the number d of doubly occupied sites
and the energy of such a state is then just equal to dI.
If the system is initially in an eigenstate and an electron
is added (removed), the resulting eigenstate will have
either one more (less) or the same number of doubly
occupied sites and therefore the energy increase
(decrease) of the system will be precisely 0 or I. Thus,
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as one sees from Eq. (2.8), the SWF will be a sum of
weighted delta functions centered at these two energies.

For small but nonzero A one expects the degeneracy
of the energy levels to be at least partially lifted. The
wave functions with energy near pI consist mainly of
zero-order wave functions of that energy, but zero-
order wave functions of energy (p+1)7 are admixed in
first order in A/I and those of energy (p-+r)I are
admixed in 7th order in A/I. Due to the lifting of the
degeneracy the delta functions in the SWF are broad-
ened and due to the admixing the coefficients of the
delta functions can be modified [c.i. Eq. (3.8)]. Also
new ‘‘satellite” peaks whose intensity is at most of
order (A/I)" will appear near energies (r+41)I and
—rI. One expects the width of the peaks to be pro-
portional to A, so that the »th moment of each peak
is of order AA™ where A4 is the intensity of the peak.
Thus, one sees that generally the »th moment of the
peak in the SWF near energy pl is at most of order

(4.8)

This situation is similar to the problem of nuclear
magnetic resonance line shapes, which has been treated
by Kubo and Tomita,? and others.0:!t

We can see from Eq. (2.8) that the problem of con-
sidering individual peaks in the SWF separately is
equivalent to the problem of achieving a spectral de-
composition of the field operators as follows:

Cig= Z Cig;pIy
P
lig= Z igipr,
P

where the sums are over all positive and negative
integers. The operators ¢ir;pr and ¢¥i;pr are to be con-
structed so that they only connect states which differ
in unperturbed energy by pI. That is,

An(A/I) | p—1/21-1/2,

(4.92)

(4.9b)

® | Cis;pr | @)=0, (4.10a)
| cligspr | a)=0, (4.10b)

unless
Ey— E,=pI+0(4A). (4.11)

We adhere to the convention that the energy subscript
on an operator gives the allowed change in unperturbed
energy so that

O'g=(0_p)*. (4.12)

According to this convention the product of such
operators Og,, Og,*+Og, only connects states which
differ in unperturbed energy by FEi+ Eo+-««« E,:

<b I Og,0g,* - - Og, l a>=0
unless
Eb_ Eu= E1+E2+' M 'En+O(A). (4.13)

Such a spectral decomposition of ¢;; and ¢';; would allow

us to write
Ao5(w) = D0 A%pr(w), (4.14)
yd
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A”if:pf(w) =2rZ! Z exp(—ﬁEa) {6(W_Eb+Ea) <a' I Cog;—pI ! b>
ab

X (b I oot | @) +8(w—Eqa+Ey) (al ool l b){b l Cia;—pI I a>}'

(4.15)

In other words, A%;;,r(w) would be nonzero only for w near pI. In analogy with Egs. (4.2) and (4.3) we would

also have

+co
foigpr(t—1) =/_ A%45,1 () exp[ —iw(t—1") J(dw/27),

where

faii;pf("'_t,) = ({Cia:—zrl(t) ) chﬂ':pI (t/) } >,

and therefore, as for the full SWF, we would have a
characteristic function for each peak which is just an
expectation value of an anticommutator.”” The moments
of each peak could then be studied in terms of time
derivatives of these anticommutators as outlined in
Eqgs. (4.4) and (4.5).

For A=0 the spectral decomposition of Eq. (4.9) is
trivial. Consider the equation

Cie="MNi_oCist (1'— n,-_,,) Cig. (418)
The operator z; ¢, destroys an electron on a site
already occupied by an electron of opposite spin thus
decreasing the number of doubly occupied sites and
hence decreasing the energy of the system by 7. On
the other hand the operator (1—#;,)c;, destroys an
electron on an otherwise empty site with no resulting
energy change. Hence, for A=0,

Cig;0= (l_ni—a) Cigy (4:.193.)
Cig;—I = Ni—gCig,y (4.19b)
Cig;pI = O; P;ﬁ 0, —1. (4.19C)

Treating these operators as fundamental is the motiva-
tion for Hubbard’s ‘“atomic representation” for this
problem.®

However, for As£0 this spectral decomposition is
nontrivial. While 7;_,c;, for instance, creates an electron
on an occupied site, the other electron can quickly hop
away and such a process does not necessarily increase

17 This decomposition is widely accepted to be reasonable for a
nuclear spin system (Refs. 8-11), for which case the degenerate
unperturbed levels are split by an amount g8H>>gBH,, where
H; is a field measuring the strength of the dipolar interactions
which are treated perturbatively. However, a mathematically
rigorous treatment of the decomposition of the SWF has not, to
our knowledge, been given. The crucial step is to show that a
perturbation expansion of the canonical transformation [see
Eq. (4.27) ] for the many-body system is valid. In fact, for long-
range interactions such a dipolar interaction is a difficult
mathematical problem. It is this same step in the argument which
is lacking here. Hence we feel that our calculations, while not
rigorous, have the same status as their analogs for the nuclear
spin system.

18 J, Hubbard, Proc. Roy. Soc. (London) A285, 542 (1965).

(4.16)

(4.17)

the energy of the system by I. However by means of
a canonical transformation’ we can achieve the desired
decomposition for A#%0. We define a unitary trans-
formation U=¢* such that

ctig=exp[§(¢) ] &% exp[— 5(2) ],

where the operator .S is expressed in terms of ¢; and
¢'. The operator &', creates a new kind of particle
which may be thought of as a dressed electron. S is
chosen so that these new particles have the property
that although they do hop around, their hopping does
not change the effective number of doubly occupied
sites. In this context effective occupation numbers
refer to the new particles. Stated in more formal
language the procedure is as follows. We write

(4.20)

se=3e(e)+V (0, (4.21)
where
3c(e) =1 Z TitTliy, (4.22)
Tois= €' isCis, (4.23)
and S is chosen in such a way that
[5e, 5eo(8) 1=[30(2), V(2)]=0.  (4.24)

In order to make explicit use of this canonical trans-
formation, we restrict ourselves to the case (4/1)<K1
and assume that .S and V can be expanded in power
series in the parameter (A/I). According to the condi-
tion (4.24) the eigenvalue of 3¢y(¢) (i.e., the effective
number of doubly occupied sites) is a good quantum
number and is also an approximation to the energy
good to order A. Therefore cq;pr is that part of ¢;; which
changes the eigenvalue of 3C(¢) by pI:

[SCO(C-) ) ciﬂ;p[] = Plc'ia;plu (4:.25)
The usefulness of the canonical transformation lies in
the simplicity of the criterion (4.25) for the construction
of the spectral decomposition of c;.

Before continuing this program let us determine
explicitly the lowest terms in the power series expansions
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of S and V(¢). Substituting Eq. (4.20) into Eq. (4.6) we obtain

e=exp[S(&) U 22 Inufia+A2 tielati} exp[—S(8)]- (4.26)
We define the expansions we need as follows:
S(9) =2 8.(2) (A/D)", (4.27)
() =A% Va(e) (/1) (4.28)
n=0

Substituting these expansions into Eq. (4.26) we obtain to second order in A/I the following:
3 =3¢ (¢) +{(A/I)[51(2), 3(2) 14V (2) }+-{ (A/1)*[S2(¢) , 3Co(2) ]

+3(8/1)*L51(2), [51(2), 3eo(2) 11+ (A/D)[S1(2), V() 1}, (4.29)
where 3C(¢) was given in Eq. (4.22) and V() is given by

V(2) =A2 tiit' uCis. (4.30)

ijo

In order to simplify the algebra we introduce the notation [in conformity with Eq. (4.9)]

V(e) =ALVi+Vet+V_r], (4.31)
where
V=2 tifiig(1—1—4) €' isCi, (4.32a)
ijo
V0= Z tw(l _ﬁlw_ﬂJ—a—i'Zﬁz—vﬁJ—G) théjﬂa (432b)
ijo
V=2 tiflji—o(1—fiig) € isCse, (4.32c¢)
so that i
['ZCO(E) ) VpI:]=PIVpI' (4:33)
The requirement [3Cy(¢), V() ]=0 will be fulfilled to first order in A/I providing
[3¢0(2), (A/T)[S1(2), 3eo(&) IHALVI+Vot+V_r]]=0, (4.34)
which may be satisfied by the choice
S1(¢) =Vi—V_. (4.35)
In second order the condition [3(¢), V(&) ]=0 yields
[5¢0(¢), (A/T)[S2(2), 3¢u(€) 14 (A/21) [S1(2), [S1(€), 3eo(€) 11+ S:(8), V() J]1=0. (4.36)
Using Egs. (4.35), (4.33), and (4.31) we can write this as
[3¢o(¢), I71[S2(€), 30o(6) I+ [V, VrJ+[Vi—V_1, Vo]]=0. (4.37)
Using the cyclic properties of commutators we see that
[5¢o(e), LVr, VrJ1=I[V_1, ViI+I[Vr, V_r]=0, (4.38)
so that Eq. (4.37) will be satisfied if we choose S2(€) to satisfy
[S2(8), 3¢o(6) I=I[V_1—V1, Vo] (4.39)
Using (4.33) one can verify that
V=V, Vol=[[Vi+V_, Vo, 3(é) ] (4.40)

Thus, Eq. (4.39) can be satisfied by the choice
S2(8) =[Vi+V-1, Vol (4.41)
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At this point we can write out explicitly expressions'®® for .S to order (A/I)? and for 3¢ to order A%/I:
S=(A/T) X tii(foia—Tj0) € iaCiat (A/T)2 2 {istit (i —g—Tit,—g) (1—2115,—) E'is s

ijo ijle
+2tut1l(1 _ail) (ﬁk—'ﬁi,—v) 6Tj,—vc-l.—aC_Tiqéic+tijtil(1 _ﬁj,—a_n—lq> (1 '—51'1) 61-1',_061,_.,61-{,5]',
_t]ztlz(l _ﬁj.—ﬂ—ﬁk) (1 _Bﬂ) ETZ.—-ﬂEi,-aéffcréid) (442)

Jc =IE n-”nN_I_AZ tw(l _ﬁi,—a—ﬁj.—a‘"—Zﬁi,—vﬁj.—v) 51'1'751'47—'_ (A2/I) Z [t“lh(l —ﬁi,-—v) ﬁj,—vﬁl,—ac—tlo'éjv

ijo ijle
—biitin (1 =75, —g) g o (1 =701, —¢) € isCirttiitin (1 —Ti1,—0) PioC  16C10C i —oCimattii 1771, —0C 16Cie (1 —Tie) €Ti,sCi o
— bt 1iMiaTi,—oC s —oCi o€ 1 Cis—Listit (1 —Tie) € 5,—0Ci o (1 —T1—0) €T i0Cis ). (4.43)

Having obtained explicit formulas for .S and 3¢ up to second order in A/I, we return to the problem of obtaining
the spectral decomposition of ¢;,. We will first obtain the analogous decomposition of ¢;. One can easily verify that

[5Co(€), Mi,—oCis ] = —ITi,~oCia, (4.44)
[3Co(¢), (1—7is,—) €is ]=0. (4.45)
Thus, the spectral decomposition of ¢ is trivial:
Cia = Cig;0Cig; -1, (4.46)
Ciro=(1—74,—) Cir, (4.47)
Cig;—1 =Mi,~4Cig- (4.48)

Hence, by expressing ¢;, in terms of i, decomposing &;, according to Eq. (4.46), and using the property (4.13),
we can obtain the desired decomposition of ¢;. Thus, the operators €i;o and Ci;—r play a fundamental role even
when As£0. Accordingly it is convenient to rewrite Eq. (4.32) in terms of these operators:

Vi= Z 1:iC  ia;1€jar0, (4.49a)
ijo

Vo= 2 ts[ € ie;1Cin;—1+C" ins0ins0 ], (4.49Db)
tjo

Vor=2_ tiiC" iasoCins1. (4.49¢)

ijo
According to Eq. (4.20) and using Eqgs. (4.35), (4.41), and (4.46) we can express ¢; in terms of the ¢i;pr correct
to order (A/I)? as

Cio= 2 Ciaigr+(8/1) 25 [Vi=Vr, Gt 1+(8/D)? 20 {[LVI+V o1, VoD, Cigior]
»=0,—1 p=1,0 =1,0
+3[Vi—V_, [Vi—V_1, Cimur 11},  (4.50)
From this expression using the property (4.13) we can read off the operators ¢i;,r correct to order (A/I)%:

Cinar=5(A/D)} V1, [V1, Cinyo]], (4.51a)
Cig;1 = (A/I) [VI, 5i7;0]+(A/I)2{ [[V11 VO:IJ 5i¢;0:]+%[vb I:VI, Eia;—l:l]}; (4.51]3)
Cinjo=Cinyot (A/I) [V, Cagya 1+ (A/D){[[V1, Vo], Cioit]—3LV1, [Vr, CinoJ1—3LV-1, [V, €irio 11}, (4.51c)
Cigmt="Cig;—1— (D)D) [V _1, Cigyo ]+ (A/D)H[[V_1, Vo], Ciso]—3[V1, [V, Cinit J1—3[V -1, [V1, Ciy,—111}, (4.51d)

Cinor=—(8/D)[V_1, Eig;—1 1+ (A/D)*{[[V-1, Vo], CirytJH3[V1, [V1, Cirio]1}, (4.51e)
Cigi—sr =5 (A/1)*[V_r, [V, Ciny—1]]- (4.51f)
Since

LV, Ci—1]=0=[V1, Ciso], (4.52)

19 Tt is well known that to obtain energies correct to second order in the perturbation one need only calculate the unitary
transformation correct to first order. Our interest lies in obtaining ¢;» correct to second order to verify explicitly the existence of
satellite peaks [in” the; SWF. One notes that Eq. (4.43) reproduces the well-known (Ref. 20) result that for one electron per atom
the effective Hamiltonian is that of a Heisenberg antiferromagnet.

I 20 P, W. Anderson, in Solid State Physics, edited by F. Seitz and D. Turnbull (Academic Press Inc., New York, 1963), Vol.
14, p. 99.
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we see that cior and ce;—gr vanish in order (A/I)? and that ¢ir and cu,—or are actually of order (A/I)? and
not of order (A/I) as the arguments leading to Eq. (4.8) would suggest. The adjoints of Eq. (4.51) give the
corresponding decomposition of ¢'; as follows from Eq. (4.12).

The technique for generating the moments of the individual peaks in the SWF is as follows. We define

+co
mnifv:plE/ (w—pI) A% p1 (w) (des/2m) .

(4.53)

The moments of the peak near energy pI are taken about that energy which is to lowest order in A/I the energy

of this peak. Therefore,

M0l = /_ :n (dew/2m) ([1(8/98) —pI I* exp[ —iew (i —1') JA745p1 () Ymtr

= ([2(a/0t) = pI I"fsjipr (1 —1') omrr
= <{ D'(é/at) =PI JCig,—p1 (1), CTig;pr (1) b))

where we have used Egs. (4.16) and (4.17). However, since

we obtain the expression |

(4.54a)
(4.54b)
(4.54¢)
I:CM;-@I(’); 3C—3C () ] = [i(a/at) _P]]@'d;pl(t) , (4.55)
n factors — |
M ijo; pI = ({[' * '[[Cia;—pl; V(C_) ]7 V(C—)] ‘ 'V(C_) ]7 chV;P1}+> (4'56)

involving the #-fold repeating commutator with the operator V(&) =3—3C,(¢). Just as in the case of Eq. (4.5)

we can also write

| <  n-r factors

i 0= ([ * *[Lirimpr, V() ], V(&) ]+ ++ V(&) 1, [V (&) ++ [V (&), [V (&), c"ioipr 1]+ T}4)

irrespective of the choice of 7.

While these expressions have not been difficult to
derive, they are quite cumbersome and we therefore
utilizefan additional [simplification wherever possible
in_what follows. Since the expectation value appearing
in our expressions is a thermodynamic average in a
canonical ensemble, energy eigenstates are weighted
by the usual Boltzmann factors and therefore any
eigenstate of 3Co(¢) with eigenvalue pI is weighted by
the factor exp[— (pI+0(A) )/kT7]). Since I is of the
order of 1-10 eV,2 1/k~10*—10° °K, and therefore at
normal temperatures we need keep only states of the
lowest possible eigenvalue of 3C(¢) in our thermo-
dynamic ensemble. Without loss of generality we re-
strict ourselves to a number of electrons less than or
equal to the number of sites, so that the lowest possible
eigenvalue of 3Co(¢) is zero. The simplification therefore
comes from the fact that any product of operators which
would lower the eigenvalue of 3C(é) gives zero when
acting on a state from our restricted ensemble. For
example,

Cini—1 | )=0, (4.582)
Cino | )540. (4.58b)

Also
VoiV_1élir | )=0, (4.58¢)
VoCir—1Vo | )=0. (4.58d)

But
VoV_rétisr | )5%0. (4.58¢)

A, P. Klein and A. J. Heeger, Phys. Rev. Letters 15, 786
(1965) ; Phys. Rev. 144, 458 (1960).

= |

|« 7 factors — |

(4.57)

These are examples of the type of simplification we will
repeatedly use without explicit mention each time.
In the same vein, to lowest order one can obviously
equate expectation values of barred and unbarred
operators. Further, one has

(fie )= (g )+0 ((A/1)?).

Consequently, in the results of our moment calculations
we will simply replace barred operators by unbarred
ones with no error to the order in A/I to which we
work.

In summary the procedure for finding the moments
of the peaks in the SWF is as follows. We substitute
Eq. (4.51) into (4.57), affect any simplifications
exemplified by Eq. (4.58), and finally express the
barred operators in terms of the unbarred operators
by inverting Eq. (4.20). As we have mentioned, to the
order in A/I we consider, this last step is trivial. Thus,
we will obtain expressions for the peaks in the SWF
in terms of equal time commutators. Specific examples
will be discussed in the following sections.

V. THE SHIFT IN WEIGHT FROM BAND TO BAND

In this section we will discuss a property whose
general features are-inadequately represented by one-
electron approximations, namely the shift of weight
in the density-of-states function from one band to the
other. As a preliminary let us discuss two simplified
one-electron models: first, the problem of electrons in
an alloy, and second, the problem of interband mixing,
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The unifying features of these two models is that
when the widths of the bands are small in comparison
to the gap between bands, the number of states in
each band is conserved as the interband interaction
is turned on.

The model for the alloy problem we treat is

= > Eictitir— A D, tiictisCis, (5.1)
i ijo
where
E;=0, if 71is an 4 site (5.2a)
E=1, if 7 is a B site. (5.2b)

From Eq. (2.8) one sees that the SWF for A=0 is
A%i(w) =278 (w— E;), (5.3)
so that the density of states as defined by Eq. (2.9) is
P7(E) =x40(E)+(1—x4)6(E=T),  (5.4)

where x4 is the fractional amount of A4 sites. The
similarity between this density of states function and
that for our narrow-band model is apparent. The total
weight in the upper band is clearly (1—x4) and that
in the lower band x4.

Let us study the change in the SWF as the hopping
is turned on, i.e., for AKZ. The Hamiltonian of Eq.
(5.1) is diagonalized by the canonical transformation

gtwe= D Tnictiy, IT=1. (5.5)

The new one-electron orbitals have energies A\,, which
may be found by diagonalizing the matrix E—At or
equivalently are given by the singularities in the
function f(\) where

fO\) =Tr{E—At—A1}-, (5.6)

where E;j= E;§;; and 1 is the unit matrix. Assume f;;
to be of short range:

A || <T. (5.7)

Then for 7< |A|and T< |I—\| the power-series
expansion of the matrix appearing in Eq. (5.6) con-
verges, since

| Tr(E—A1) D {At(E—A1)~1}n|
< 20| Tr(E—A1) | max{ | T/ [ | T/(I=)) | ).

(5.8)

Accordingly, the singularities of f(\) lie on the real
axis in the intervals —T<ALZT and I—T<AI+T.
By considering the contour integral which gives the
number of roots near zero energy,

(2m)~ f(2)dz,

|zl=I/2

(5.9)

one can easily show that roots cannot jump from one
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interval to the other. The density-of-states function
for A#0 is easily found since

0°(E) = (2rN) Z Aq(E) (5.10a)
= (2rN)— 5_‘, T* i A um( E)
= (2zN)™ Zm A (E) (5.10b)
=N-1 Z a(2~xn), (5.10c)

where A, is the SWF corresponding to the operators
¢n and g7y, the sums over # and m are over all orbitals.
The total weight in the lower band is just the fraction
of orbitals in the lower band which, for small A accord-
ing to our argument, does not vary from its value for
A=0.

The second and equally trivial model is a one-
electron Hamiltonian which describes interband mixing;

= 2 exat rarCrat ) Vi(k) cTirotion
k,o,a=1,2 ko
+2° Vi (k) ctiastias,  (5.11)
ko

where a=1, 2 labels the two bands. We suppose that the
bands are well separated and that the interband mixing
is small so that

max{ex} <min{eg},

[ V12 (k) ]<<m1n { ekg} —max { ekl} .

(5.12a)
(5.12b)

With the obvious generalization of the labeling of the
electron operators in Eq. (2.8) we have, for Viy(k) =0

A%p(K, ) =2m80p0 (0 —€xa) - (5.13)

In this case the appropriate definition of the density-of-
states function is

p°(E) = (2eN)™ 3 Aou(k, E), (5.14)
ka
so that for A=0
p°(E) =N71 30 6(E—exa) (5.15)
ka

which has unit weight in each band.
For nonzero Viz(k) we introduce new operators ¢fyq,
according to

chma = Z Paﬂ (k) ETka
8

such that the Hamiltonian of Eq. (5.11) is diagonalized.
The new band energies &, are the roots of

Via(k)

r''k)rk) =1 (5.16)

€x1— €ka
det

0. (5.17)

Vie*(K)  exe—&ka

The SWF is then
Avup(k, w) =2m Z Tay* (k) Tgy (k)6 (w—&ky), (5.18)
v

so that 47y (k, w), for instance, has weight not only in
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band 1, but also some in band 2, since for Vi3(k) 0,
T12(k) 0. However, because of the unitarity of the
transformation of Eq. (5.16), one sees that the density-
of-states function is

P (B) =N~ X s(0—au), (5.19)
ka

so that, as in the alloy problem, for a small perturbation

there is no shift in weight in the density of states from

one band to the other.

In view of these simple examples one is naturally led
to ask if this is a general result, applicable, for instance,
to the narrow-band Hamiltonian we have considered in
the previous sections. Recalling the results of Sec. IIT it
is not surprising that the answer to this question should
be in the negative. This is easily seen by calculating the
zeroth moment (weight) of each peak in the SWF. Using
the methods of Sec. IV we find, correct to order A/I,

M iis0=1— (Mig)— (2A/T) D i3t istia), (5.20a)
J

M i1 = Mgy (2A/T) D 1i5{ct i—oCig ). (5.20b)
J

These formulas when applied to the two-site model of
Sec. III agree with the results found there. For a
homogeneous system these expressions give the total
weight in the lower and upper bands of the density of
states. For less than one electron per site (cici—) is
negative, so that the weight in the lower band is
increased at the expense of the upper band. This
phenomenon can be easily understood by considering
the correlation between an electron added to the system
and an electron of opposite spin on the site to which
it is added. In the case when no hopping is allowed,
the result

(5.21)

is obvious, since then 1— (n;,_, ) is just the probability
that an added electron will land on an unoccupied site.
For A0, however, we need only ask which of the
following two-multiple processes is more likely: first,
that an electron occupying a site will leave when
another electron is added to it, or second, that an
electron will hop to a site to which we have just added
an electron. Due to the repulsion between electrons
the first process is the dominant one. Therefore, there
are effectively fewer occupied sites when hopping is
allowed. The additional electron, through its inter-
action with those already present, in effect, clears a
space for itself and thereby increases the probability
of being added with lower energy.

These results are not in disagreement with Luttinger’s
theorem?? that for normal fermion systems the volume
of the Fermi sea is unaffected by perturbations. This
theorem was only proposed for a perturbative cal-
culation about a single-particle Hamiltonian, whereas
for the narrow-band model we treat, we consider

m°¢w;o= 1— <1’Li,—a>

22 J. M. Luttinger, Phys. Rev. 119, 1153 (1960).
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perturbations about the Hamiltonian, Y, :/nn;,, which
is not a single-particle Hamiltonian. Furthermore, the
concept of a Fermi surface seems to be meaningless
since all the single-particle states have a finite lifetime,
i.e., a finite width to their SWF. Thus, there is nothing
anomalous in the result that there is a shift of weight
in the density-of-states function from one band to the
other as the hopping is turned on.

Let us now study the case of one electron per site
more carefully. In this case {¢';,_s¢j,—) is of order A/I,
so that to first order in A/I the weights of the two
peaks remain at their values for A=0:

(5.22a)
(5.22b)

moii.r;(): 1— (ﬂ«;,_u ),
izt = (Mipg ).

Although we have only shown this result to be valid to
order A/I, it actually holds to order (A/I)? but not to
order (A/I)* due to the emergence of the satellite peaks.
The weights of these satellite peaks at energies —I
and 2I, p°(—I) and p—(2I) are readily calculated
using the formalism of the preceding section, especially
Eq. (4.51a) and (4.51d): We find

Mgyt =M i1
= (A/I)4 Z I t'i]'t]'k [2{ (nw<2nk,—-anja+nkvnj.—-ﬂ) >} .
#k
(5.23)

To estimate the size of this effect let us assume a sim-
ple cubic lattice with

(5.24a)
(5.24b)

1, / nearest-neighboring sites
otherwise.

Also we approximate the expectation value in Eq. (5.23)
as

g (20030, +MsMj,—5) )

R (i) { 20k~ )Mo Y+ (o ) (1,00} (5.25)

For a paramagnetic state (#4)=3%, so that
p(2) =p(—1) =mjyg;—1 (5.26a)
~(A/D*(z—1)E=F:(A/1)4, (5.26b)

where =06 is the number of nearest-neighboring sites
and we have used the definition of Eq. (2.4) which
here is

2=1. (5.27)
For “complete’” ferromagnetism
nip=1, (5.28a)
ni = 0, (5.28b)
so that
pe(2I) = p*(—1I) = M5, -1 R0. (5.29)
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For “complete” antiferromagnetism with NaCl-type

ordering,
(tia ) (Mg ) (3 ) =0, (5.30a)
(tia) (i) (Rj o) = (i), (5.30b)

when sites ¢ and % are nearest neighbors of site 7, so
that

M0, 1 (A1) * (7,2 ), (5.31a)
5o (20) =p*(— 1) =N=* 3 ¥y aors (A/1)?,
i
(5.31b)
in this case. Of course, the sum rule
oo
f A754(w) (deo) 2) =1 (5.32)

must be satisfied by a concomitant loss of weight in
the main peaks of the SWF at energies 0 and 7.

This readjustment of weight is such that the in-
sulator property for this case as embodied in the
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existence of an energy gap between filled bands and
empty bands is not changed as A is increased. That is,
although there is a realignment of weight among the
peaks in the SWF as A is changed, no partially filled
bands are created either by holes appearing in filled
bands or by electrons moving into empty ones, just as
we saw in Sec. ITI. To see this we note that so long as
AKLI all the intermediate states | 8) in the product

(@]cia| )] cli|a) (5.33a)

have energies nearly equal to or greater than 7, while
those in the product

(a]clia|0) ] cir|a) (5.33b)

have energies nearly equal to or greater than zero, if
{a| is the ground state or a member of our restricted
ensemble having no effectively doubly occupied sites.
Taking E’ to lie in the band gap (e.g., E'~I/2) we
calculate the total weight, W, of all peaks of the SWF,
near pI with p<0 as

B’ B
w= [ pmar=-z- = [ ew(—pr)dnrs(B-Et-£)

X{alcw| )| clis| a)+8(E+Ey—Ea){a]|ctis | 0){b]cis | a)] (5.34a)
=713 (0(E' —Ey+Eu)a | ¢ | 8)(0 | ¢'ia | a)FO(E'+Ey—E,)(a ] ctir | 8)(b | cio | @)} exp(—BE.). (5.34b)
b

However, according to our arguments, the first theta
function vanishes and the second one is always unity
so that

W=, (5.35)
i.e., the total weight in the SWF below the band gap
is equal to the number of o-spin electrons. Thus adding
an electron involves adding the gap energy when there
is one electron per site already present. We see even
in this case, however, that the filled band one visualizes
in the band theory has a complicated behavior for
nonzero A, since the existence of satellite peaks in the
SWF at negative energies tells us that removing an
electron can require the addition of energy to the
system of various multiples of 7.

A physical picture of this phenomenon as it might
in principle be observed via positron annihilation is
the following. The main peaks in the SWF at energies
0 and I correspond to processes in which an electron
is removed from a singly or doubly occupied site
respectively. The satellite peaks at energies —7 and
21 correspond to multiple processes in which one
electron is removed and the state of the crystal is
changed by an electron hopping so as to increase by
one the number of doubly occupied sites or vice versa,
as is shown schematically in Fig. 3. Since these are
higher-order processes their probability is reduced [by
a factor (A/I)*] from the zero-order processes cor-
responding to the main peaks in the SWF.

VI. COMPARISON WITH HUBBARD’S THEORIES

In this section we wish to examine Hubbard’s
calculations®!? for the narrow-band model to see how
well his approximate Green’s functions satisfy the sum
rules we have derived. Hubbard’s solutions were
obtained by a decoupling of the hierarchy of equations
of motion for the Green’s functions based on the idea
that correlations were of relatively short range in
space. The chief virtue of his calculations is that they
provide an approximate interpolation scheme between
the atomic (A—0) and band (/—0) limits. His work
has provided insight into and emphasized the role of
electron correlations and therefore it is not surprising
that other aspects such as the shift in weight in the
density-of-states function may not be given correctly.
Our moment calculations are useful as a means of

(a) (b

AEZ - 21

aligd

AEZ I

Fic. 3. Processes corresponding to the satellite peaks in the
SWF. A box represents a site and “¢” an electron. Process (a)
contributes to the peak at energy 27 and process (b) contributes
to the peak at energy —I.
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studying such properties which are not easily accessible
via decoupling approximations.

From the moments associated with the SWF A% (w)
we can calculate the average energy (ew;yr) of the
peak near energy pI as

(6.1)

and the root-mean-square width (den;,r) of this peak
as

(&ras o )= Mrg; 51/ Mg T,

(Oena; o1 )= [ (10220, p1/ 100 p1) — {001 )* T2 (6.2)

A particularly simple and physically revealing treat-
ment of correlations in narrow bands has been given
by Hubbard in Ref. 2. Expanding the SWF derivable
from his approximate Green’s functions one obtains to
first order in A/I (in our notation)

A (w) =2a[1—n_—n_(e/I) J(dw— (1—n—0) &)
+2x[n_stn_o(e/I) J6(0—I—n_a), (6.3)

where throughout this section #_,= (n;_,) and is as-
sumed to be independent of ¢ and thus describes a
paramagnetic or ferromagnetic state. For a SWF of
this form {dey;,r)=0, so that such an approximate
treatment is incapable of describing the damping of
electron excitations.

SINGLE-PARTICLE EXCITATIONS

MO0;0=1—1_—2(3_o/I+n_ser/T) +2(A/I) Z exp (40 145) bij{ (i, oM, —oCioCjmoCTi,~0C i)} 5
7

pe=1—n_y—(2/T) 3,
pu”=n—d+(2/l) 5'—67

and

<€M;o> =€)\(1 —n—a) _3—17/(1 _'n—-a) +A/(1 _n—v) Z €xp (13"' rz‘j) ti]'{ <”i—o"j—v> —n+ <ij,Cj,_qC1'i,_.,Ci¢>} .
j

We note that although Eq. (6.4) shows a shift in
weight from one band to the other for an excitation of
wave number A, it differs from the exact expression,
Eq. (6.7). Also we see that according to Hubbard’s
theory, Eq. (6.5), there is no change in the total
number of states in the two bands in order A/7 in
contrast to the exact result, Eq. (6.8), which we
discussed more fully in the previous section. In order
to compare the expressions for the average energy let
us analyze Eq. (6.9) further. The bracketed expression
in this equation is a sum of terms, the first of which
is proportional to density fluctuations which are
energetically unfavorable and therefore small, and the
second of which is proportional to the magnetic energy.
Since magnetic ordering critical temperatures are
usually negligible compared to the band width, we can
say that the term 3_,/(1—#_,) is probably the most
important one since it is in fact of the order of the band
width. Thus, we have approximately,

<€M;0>N6)‘(1—-n_,,) '—5_,/(1'—7&_.,) , (610)
which differs from Hubbard’s result, Eq. (6.6), by the
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Let us check the weight (zeroth moment) and average
energy of the low-energy peak in the SWF given by
Eq. (6.3) against the moments calculated according to
Sec. IV. The discussion of the high-energy peaks in
the SWF is analogous and will be omitted. From
Hubbard’s SWF of Eq. (6.3) it is trivial to calculate
the zeroth moment of the low-energy peak in the SWF
as

MOgi0=1—n_—n_,(er/I). (6.4)

Correspondingly, the total number of states in the two
bands is

pl'7 =/ p”(w)dw=N’1 Z mo}\)\w;0= 1 —n—ﬂy (6'53‘)
lower band A

P = / p7(@)dw=N"1 mpr=n_.  (6.5b)
upper band A
The average energy of the low-energy peak in Hubbard’s
SWF is given as
(5)\7;0>= (1_71—«)5)\- (6'6)

These results should be compared with the results exact
to order A/l which can be obtained by the methods
of Sec. IV:

(6.7)
(6.8a)
(6.8b)

(6.9)

addition of the correction term —3_,/(1—#n_,) which
is independent of A. For the nonmagnetic case this
correction term is the same for both up and down spins
and hence leads to a trivial shift in the Fermi energy.
For magnetic states, as we shall see in the next section,
this term becomes important for studying the relative
stability of magnetic versus nonmagnetic states.

We now discuss an improved solution, also given by
Hubbard,? designed to describe the conductor to in-
sulator transition for the case of one electron per atom
and which of necessity involves peaks in the SWF of
nonzero width. This improved solution is sufficiently
complicated that analytic evaluation of the SWF is
difficult. However, for the special case of one electron
per atom the details were worked out analytically
for the nonmagnetic system with #;,=2%. The SWF is
determined by the roots of a cubic polynomial. Hubbard
treated the case of a parabolic density of states

po(w) = (2mA%) 7 (4A2—u?) 17,

lo| <24,  (6.11a)

=0, otherwise, (6.11b)
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where po(w), which we shall henceforth refer to as the
unperturbed density of states, is defined as

po(w)=N"1 ; (w—e\).

Note that our definition of A differs from that of
Hubbard since we require

+co
|7 m@)de=1,

(6.12)

(6.13a)

+o0
/ po(w) widw= A2, (6.13b)

—0

A. B. HARRIS AND R. V. LANGE

157

The results are most conveniently displayed in terms
of the new variables

sinf=w/24, (6.14a)
sinfi. = /24, (6.14b)

so that Eq. (6.11a) takes the form
po(w) = (wA)™ cosf. (6.15)

In the limit I>>A we have obtained explicit expressions
for the SWF using Hubbard’s theory and find the
following results:

A%ii(w) = A1 cosh, lw]<2A (6.16a)
=d(w=1), |w—I|<2A (6.16b)
=0, otherwise, (6.16¢)

Ana(w) = (5 sinO—TZtiIIBi())ji& cosy’ lo]<24 (6.172)
=A%\ (w—1), |o—T|<2A (6.17b)
=0, otherwise. (6.17¢)

The SWF for I— o calculated from Eq. (6.17a) is shown in Fig. 4 for various values of A. Using the results
of Egs. (6.16) and (6.17) we can calculate the associated moments of the peaks in the SWF at energies 0 and 7:

] Ara () (de)/2) = f A (@) (do/2) =3,
1.b. u.b.

[ o) om) = [ et (dos2m) =1,

1.b. u.b.

[ Ar () (wodes/2m) = f Ao () [(0—T) d/2n]=1er,

1.b. u.b.

[ i) (oo 2m) = [ Ay(@) (oD deo/ 261 =0,

L.b. u.b.
f Ary (@) (wdeo) 2) = f Aonn (@) [(w—T)de/2n] = (30%+-62),
1.b. u.b.

[ Ar(e) wdo/2m) = [ dr(@) LoD/ 201 =30
1.b. u.b.

One must recognize that these results are only correct
to lowest order in A/ T. In the limit 7—» Egs. (6.18a)
through (6.18d) are the same as the corresponding
results of Egs. (6.4)-(6.6) obtained using Hubbard’s
simpler theory. The lowest moments which are different
in the improved treatment are the second moments
given by Egs. (6.18¢) and (6.18f). For the moment
given in Eq. (6.18f), Hubbard’s simpler theory gives
the value A?/8 rather than A2/2. It is a simple matter
to evaluate this same moment using our techniques

(6.18a)

(6.18b)

(6.18¢c)

(6.18d)

(6.18¢)

(6.18f)

and indeed we find the value A?/2 in agreement with
Eq. (6.18f). [Unfortunately, a comparison with the
moment in Eq. (6.18¢) would involve a lengthy
discussion of many approximations of correlation
functions beyond the purposes of this section.] We
therefore confirm that the simpler theory overestimates
the band narrowing due to correlation. This excessive
narrowing can be linked to a neglect of the damping
giving rise to width of one-electron excitations com-
prising a band. Hubbard’s more complex theory includes
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these effects, as can be seen from the fact that this
theory gives

(8er;0)= (Ber;1 )= (3/4)1124,

where the simpler theory gives zero.

In the above discussion we have referred to the
narrowing of the bands but have only calculated second
moments. As we see from Fig. 4 the SWF has a Gaus-
sian-looking shape only for states near the center of the
band if anywhere. In general it would take more than
a single moment to specify the effective width of a
band with respect to some physical property. Second
moments yield bandwidths only in the crudest sense.
One might give physical arguments as to why Gaussian
or Lorentzian or intermediate approximations might
be applicable for various regions and under various
circumstances, but it is sufficient for our present purpose
to accept the limitation on the direct physical relevance
of such moments and accept that strictly speaking
such quantities should only be compared with like
quantities, i.e., second moments in one theory with
second moments in another. The comparisons made in
this section have a validity as comparisons regardless
of band shape or complexity since they are of this direct
nature.

(6.19)

VII. APPLICATIONS TO FERROMAGNETIC
STATES

In the previous sections we have discussed the ap-
plications of the sum rules to the study of the SWF
of paramagnetic states. In this section and the next
we shall discuss the effect of ferromagnetic and anti-
ferromagnetic ordering respectively on the SWEF. In
the case of ferromagnetic ordering we have already re-
marked that there is a wave-vector-independent shift
in the average excitation energy which is important
for any discussion of the stability of magnetic phases.
Thus, in contrast to Hubbard’s expression for the
excitation energy Eq. (6.6) we take

(o) en(1—1_s) —3_o/(1—n_,). (7.1)

In order to see the effect of this correction term, let
us study the condition for ferromagnetism neglecting
the damping of the excitations.

First we consider a special case for which precise
calculations can be done and which shows explicitly
the importance and correctness of the wave-number-
independent shift in energies embodied in the approxi-
mate Eq. (7.1). This is the case of NV sites, N—1
electrons and infinite 7 studied by Nagaoka® and
shown by him to have a ground state which is
completely ferromagnetic. We can show that in this
circumstance Eq. (7.1) is almost exact and the term
3_,/(1—n_,) is necessary to make the ground state
ferromagnetic. At zero temperature we can express

%Y, Nagaoka, Solid State Commun. 3, 409 (1965).
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(w/24)

Fic. 4. The SWF A%, (w) as given by Hubbard’s improved
theory for w20 according to Eq. (6.17a) for various values of €.
Note that similar peaks (not shown) also appear near energy I.

the SWF entirely in terms of matrix elements between
the ferromagnetic ground state of the N—1 particle
system &, and the states of the N—2 and N particle
systems where @, is simply given by

Po= H’ ¢ty | 0). (7.2)

In the product all & appear except the A referring to
that momentum state with the largest single-particle
€Nnergy emax. Lhat is, since all electrons have the same
spin, they do not interact through the potential term
in the Hamiltonian and we can just fill up the N—1
single-particle states of lowest kinetic energy. It is a
trivial result then that, since we are dealing with
essentially free up-spin particles,

A)\)\1 (w) =27r§(w-—e)\), (73)

and
(7.4)

<EM;0 > =€

a result consistent with Eq. (7.1) since », and 3, are
both zero, there being no down-spin electrons present.
We now calculate 4 (w). This of course is given by

A)\)\”(cu) =27r zb: B(w-‘Eb—l-Eo) (‘130 l Cin l b>

X (b | ca ] ®). (7.5)

Here E is the energy of the ground state ® and is just
Ey= Z E\= T €max, (7'6)

A oce

where we sum over the A referring to occupied states
in ® and use the fact that

Z e)\=NAt,-i=0. (77)
y

It is now a simple task to observe that the states | b)
in Eq. (7.5) must all have precisely zero energy for
infinite 7, since when I tends to infinity the NV electrons
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- (W= €xmax)

3
>
e O F (w=0)
w
=
w

Afii (w) A¢ji (w) A{'ii (w)

(with shift) (without shift)

Fi6. 5. The SWF at zero temperature for a state with N —1
up-spin electrons. A%;;(w) is the same as the unperturbed density
of states; i.e., it displays no energy shift. 44;;(w) has an important
energy shift. Hubbard’s simple theory would predict no shift.

present in state |b) are prevented from hopping
regardless of their spin. Thus, we have

AYa(w)= (27/N) 6 (w—€max), (7.8)

where the multiplicative constant (27/N) has been
determined through the relation

+co
/ (dw/2m) Aba(w) = (Do | cnc™in | o) (7.9a)
=1/N. (7.9b)
From this SWF we can calculate {e.0) and find
{en4:0) = €masx, (7.10)

which we must compare with"Eq. (7.1). The virtue
of this special case is that in addition"to these results
it is trivial to calculate 31/ (1—mny) as well. 3; is defined
to be kinetic energy per site, which in this case is to
be calculated in the ground state ®o. It is therefore
just —emax/N. Furthermore (1—#4) in the ground
state is just 1/V so that

=3t/ (1—m1) = emax, (7.11)
and Eq. (7.1) becomes
{eny;0)Remax e/ N. (7.12)

For a large system we then see that the result of
Eq. (7.10) is accounted for, by the energy shift
54/ (1—my), the term in Eq. (7.12) proportional to 1/N
being negligible.* The density-of-states functions are
plotted in Fig. 5. Note that without inclusion of the
energy-shift term one would have

<€M;0>N6)\/NNO, (713)

which is the result obtained from Hubbard’s simple
theory, Eq. (6.6). If the weight in 4%;;(w) were not

2 The fact that Eq. (7.1) is not exact is to be expected since
it was obtained by neglecting some of the terms in the exact
result, Eq. (6.9). These neglected terms can be shown to give a
contribution to {ew;) of —(1/N)e thus explaining the dis-
crepancy between Egs. (7.10) and (7.12). In general, these
neglected terms will be of order 1 and not of order (1/&), but
hopefully, as we have argued, they will be small.
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shifted up to emax, away from the mean energy at 0, the
ferromagnetic state with which we started would not
be the ground state, since one could clearly decrease
the energy by shifting spins from the up states to the
down states. Thus, in this case we see not only the
importance of the shift but its necessity in the light
of Nagaoka’s independent proof of the ferromagnetic
ground state. The zero-energy transition which can
occur by shifting a spin into the down state at emax
can be shown from further arguments to correspond
to a trivial rotation of the magnetization direction.

We will proceed to analyze other cases, taking Eq.
(7.1) seriously, and finding the effect of the shift,
neglecting the further effects due to damping of the
one-particle excitations. As Hubbard has discussed,?
complete ferromagnetism is favored when there is a
high density of states away from the center of the
band. Following Hubbard, we consider the following
unperturbed density of states

po( E)=4671, —IN<SEL—IA'+46  (7.14a)
=61,  INLSELIA (7.14b)
=0, otherwise. (7.14c)

For concreteness consider the case of § electron per
atom in a supposedly stable ferromagnetic state. In
Fig. 6 the results for the SWF according to Hubbard’s
theory are contrasted to these from Eq. (7.1). If 6< A’

(a)

)
A/2
(A-8)/2 :] N2 —
N (A-5)/4
o o of
[ -(A'-8)/4
z . A e —1
w (A 5)/2:
-A/2
A'“(w) A‘i,-(w)
(b)
(3A-8)/4
As2 (30-28)/4 f—
(A-8)72 : Asa
% 0 A
e (A-8)/4
W o ok
w
(A-8)/2
o
Al (w) Aty (W)

" "

Fic. 6. The SWF for the unperturbed density of states given
by Eq. (7.14) and for % electron per site using (a) Hubbard’s
simple theory, Eq. (6.6) and (b) Eq. (7.1), i.e., including the
energy shift. The analogous peaks in the SWF near energy [ are
not shown. The height of the peaks in the SWF is 1/§ and the
Fermi energy is at — (A’—8) /2.
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this configuration is indeed stable as Hubbard has
discussed, and ferromagnetism can occur. However,
consider the effect on the band energies of the shift
term. Noting that 3;<0 we see that the inclusion of
this term moves the unoccupied down-spin band to-
wards higher energies as we have shown in the figures.
Using Eq. (7.1) the magnitude of this shift is easily
found to be

—3_,/(1—n_,) = (2A"—85) /4. (7.15)

Clearly, this energy shift has the effect of increasing
the stability of the ferromagnetic array. Hence, we
conclude that in this case Hubbard’s simple theory
gives too restrictive a condition for ferromagnetism.
The generality of this conclusion is apparent. Con-
sider the stability of a saturated ferromagnetic state,
where we assume without loss of generality less than
one electron per site so that #,=0. The up-spin band
has no energy shift, since there are no down spins
present. The down-spin band is shifted towards higher
energy since —3_,/(1—n_;) is always positive. Thus,
we conclude that Hubbard’s theory, since it neglects
this energy shift, always underestimates the stability
of the ferromagnetic state. In other words, although
correlations make ferromagnetism less stable than the
Stoner theory would predict, this effect of correlation
is somewhat overemphasized in Hubbard’s treatment.

VIII. APPLICATION TO THE ANTIFERRO-
MAGNETIC STATE WITH ONE ELECTRON
PER SITE

In this section we shall give a treatment of anti-
ferromagnetic ordering which avoids the complications
inherent in the use of the equations-of-motion technique
occasioned by the presence of two magnetically in-
equivalent sublattices. As we shall see, this situation
creates no algebraic difficulties for the moment method.
We discuss the effect of magnetic ordering on the SWF
for the case of one electron per atom. For simplicity
we treat the case of zero temperature and assume Z;; to
be nonzero only if 7 and 7 are nearest-neighboring lattice
sites and the lattice to be simple cubic or body-centered

e =0au0(d0) cTo(Ao) Fapr (Aa) - (A0).

Here,

cto(Ae) =Nyus 2 Y ctr, exp(id-R),
R

¢ (A0) =Nus2 Y ctryre exp[ide (R+7) ],
R
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cubic. For such lattices it is accepted that the ground
state is antiferromagnetic, one sublattice having spins
aligned predominantly along the z direction (i.e.,
m~1, n,~0) and vice versa for the other sublattice.
To a good approximation we can neglect spin fluctua-
tions in the ground state,? that is we can take

(nist+nj, Y=20, (8.1a)
> Aighi—o Y2 — {mignp Y221, (8.1b)
(S;+Sj_>= <Si_Sj+>g0, (8.1¢)

where ¢ and j here refer to different sublattices. We

now insert these approximations into the expressions

for the first and second moments which we can obtain

using the methods of Sec. IV. Explicitly we use the

formula

' jo;0= Abi; (1= 1ig) (1=1—6) +¢'ioCj o€ i, —oCic )
— 08404, (8.2)

However, for the present case 3,=0 and using the
approximations of Eq. (8.1) one sees that the other
terms also vanish, so that

M 45,0=20. (8.3a)
Similar analysis yields the following results
m 40,120, (8.3b)
M2 4j050= M2, 5 1=20:;;02(1—n,), (8.3c)
and to lowest order we have
M0%j5,0= 0% _o1= (1—n:_;) 0ij. (8.3d)

For an antiferromagnet the unit cell contains two
magnetically inequivalent sites and hence the’ first
Brillouin zone is half as large as for the same sample
in its paramagnetic phase, but each wave vector has
two single-particle excitations associated with it. The
approximate excitation operators are ¢',, where p=1, 2
distinguishes between the excitations for a given wave
vector where

(8.4)

(8.5a)

(8.5b)

Nyo=N/2 is the number of unit cells, R is summed over unit cells, and the vectors 0 and = give the positions of the
two sites within the unit cell. The coefficients a,0(do) and a,,(d¥g) cannot be determined from symmetry con-

siderations.
It is natural to introduce the SWF

Arap(@) =F. T {{qran (), ¢Hron(¥) } 1),

% D, L. Bullock, Phys. Rev. 137, A1877 (1965).

(8.6)
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where F.T. means Fourier transform, cf. Eq. (2.11). This SWF can be decomposed into its components g pr (w)
which have moments m%,,,,,r taken relative to w=pI. These quantities can be readily calculated using the results

of Eq. (8.3) since Ay,(w) can be expressed in terms of 4%;;(w) using Egs. (8.4) and (8.5). Thus we find

MOhpi0=| o (%) [P(1—= (10—)) +! s (%0) 2(1 = (n,—,)), (8.7a)
M1 =1 =m0 0, (8.7b)
M rap;0="M"ep;1 =0, (8.7¢)
Mhrap0=| @p(da) [PA* (1= (10— )) +| atpr (0) PA* (1= (11:—)) , (8.7d)
Miropir = apo(Xe) [2AN (10— )4+ tpr (X0) PA* (1, ), (8.7¢)
so that the root-mean-square width of the peaks in the SWF is given as

(erop0) = (mzm;o_ (m;x,p;oy} 1/2 =A, (8.8a)

M ¥op;0 T \ap;0
(ermt) = {m:)\ap;r_ (m:x.m;z)z}lﬂ A (8.8b)

M xop;l  \hap;I

It would be very interesting to compare these calculations with the corresponding calculations made assuming
(incorrectly) paramagnetic ordering, but the expressions for the second moments are too complex. However, it is
possible to calculate {({Ser0)2)r}"2, where the { ), indicates an average over A. This should give us a quali-
tative estimate of the linewidth for the paramagnetic case. In fact Hubbard’s improved solution indicates, see
Eq. (6.20), that this quantity is independent of X in which case taking the average would introduce no error at

all. Thus, we obtain

{{Qergp0)* N} 2= {@zﬁ'-o_
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mziw;
{{{Berom 1)} 2= {;z"—{

11030

Comparing Egs. (8.8) and (8.9) we see that the peaks
in the SWF are broader for antiferromagnetic ordering
than for the paramagnetic phase. In other words the
electron excitations have a longer lifetime in the
paramagnetic phase than in the antiferromagnetic
plase. This phenomenon would be quite interesting to
observe experimentally.

IX. CONCLUSION

We have shown how the moment method may be
used to discuss effects which are difficult to treat
using the usual decoupling schemes for the equations
of motion of the Green’s functions. In particular we
have been able to estimate quantitatively the shift
in weight among the main peaks in the SWF and also
the intensity of the first satellite peaks in the SWF.
We have verified that Hubbard’s improved treatment
of his model is indeed improved in the sense that the
moments obtained from the SWF agree more closely

1. \2)1/2
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with the exact results than would be the case using his
simpler theory. We have pointed out that in addition
to band narrowing one should also include the spin-
dependent shifts in the band energy which favor
ferromagnetism when discussing questions of magnetic
stability. We have also shown that the effect of anti-
ferromagnetic ordering is to broaden the peaks cor-
responding to single-particle excitations in comparison
to the disordered or ferromagnetic state.
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