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Abstract. The stability of ferromagnetism in the s—d model of double exchange is investigated
variationally for quantum spins. It is shown rigorously that fo&= % and infinite Hund'’s rule
coupling, the state of complete spin alignment is unstable fb?2 @ » < 0.45, wheren is the
number of electrons per atom in the conduction band. Band narrowing in the paramagnetic state
is also investigated in the quantum spin model. The effect is found to be somewhat stronger
than in the classical spin limit and dependsrmon

1. Introduction

For nearly fifty years it has been known there is a correlation between magnetic order and
conductivity in the manganites La.D,MnQOgs, where D is a divalent ion such as Ca, Ba,
Sr [1, 2]. Recently there has been renewed interest in these systems due to the discovery
of colossal magnetoresistance (CMR), the name given to a huge reduction in resistivity in
an applied magnetic field [3—6]. Far= 0, LaMnG; is an antiferromagnetic insulator, but
on doping with 02 < x < 0.5, the system becomes a ferromagnetic metal. In these doped
systems the resistivity rises with increasing temperature to a peak near the Curie temperature
T, and then falls continuously in the paramagnetic state. The CMR phenomenon is observed
in the vicinity of T.. The high resistivity, with a negative temperature gradient, in the
paramagnetic state indicates insulating rather than metallic behaviour.

The essential ingredients for a model of these systems are local $pi#s3/2 on
each Mn site, corresponding to three localized d electronggafyinmetry, andi = 1 —x
itinerant electrons per Mn atom occupying a band derived from Mn d statgssyfemetry.
The itinerant electrons are coupled ferromagnetically by Hund'’s rule to the local spins. The
simplest model is the s—d Hamiltonian [7-9]

H=—Z‘ZC2~LGCJ'G—]ZS['O','=HO+H1 (1)
(ij) i

where the first termH, describes the hopping of itinerant electrons between nearest-
neighbour sites, j (+ > 0) and the second terni; is the ferromagnetic Hund’s rule
coupling (J/ > 0) between local spinS; and itinerant spino; on each site. Since we
are interested in doped ferromagnetic systems, the antiferromagnetic interaction between
neighbouring local spins plays no important role and is neglected here. Other simplifications
are the use of a single s band, instead of two d bands based on orbitaglsyhmetry,
and the neglect of coupling to phonons.

In much of the theoretical work [10-15] on this model, the local spins are treated as
classical vectors (corresponding fo— oo). For J > t the itinerant spin must always be
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parallel to the local spin on each site so that the effective hopping integral for hopping
between sites and j becomes cog6;;/2), whereg;; is the angle between the classical spins
S;, S;. The resultant band narrowing in the paramagnetic state favours ferromagnetism,
this being the so-called double-exchange mechanism, and there is a widespread belief that
the Hamiltonian (1) with/ — oo has a ferromagnetic ground state, with complete spin
alignment, for all band occupation @ n < 1 even for quantum spinS. In section 2

we show rigorously that this is not the case = % and investigate the condition for
instability of the ferromagnetic state with = 3/2 for finite /. Our method is equivalent

to that of Okabe [16] but he did not point out the occurrence of ferromagnetic instability
in the s—d model. Anderson and Hasegawa [9] and Kubo and Ohata [17] were the first to
investigate the effect of quantum spins on the double-exchange mechanism.

The quantum nature of the local spins also plays a role in the band narrowing which
occurs in the paramagnetic state. This is the subject of section 3 and we show that the
band-narrowing effect is stronger than in the classical double-exchange model. This may
be important in enhancing polaronic effects of coupling to the lattice in the paramagnetic
state. Such effects have been proposed [13, 14] as the origin of the metal-insulator transition
which occurs on passing throudh.

2. Instability of the ferromagnetic state

The Hamiltonian may be written
H = Zekc;rmckg —J Z S; - o (2)
k i
;

wherec, creates an electron in a tight-binding Bloch state of wave-veetand spino,
and

€ = —t Ze‘kR (3)
R

The summation in equation (3) is over sitRawhich are nearest neighbours of the site at the
origin. In the lowest-lying statéF) of complete spin alignment all local spins are aligned

in the direction of spin quantization (thedirection) and the: itinerant electrons occupy
Bloch states within thet-spin Fermi surface. This is an exact eigenstatédofith total
z-component of spinV (S + %n), whereN is the number of atoms, and we wish to test the
proposal that it is the ground state of the system for lakg&he stability of this proposed
ground state against reversing a spin may be tested rigorously by comparing its energy with
that of a variational wave-function with totalcomponent of spinv(S + %n) — 1. If the
variational energy is lower than the exactly known energyfif one can state rigorously
that|F) is not the ground state of the system. As pointed out by Okabe [16] this approach
closely parallels earlier work on the stability of the Nagaoka state in the Hubbard model
[18-20]; as in the latter case, instability due to spin reversal occurs most readily through
single-particle excitation rather than spin waves. Thugapin electron is removed from

the Fermi surface, with energy, — %JS, and a|-spin quasiparticle of wave-vectér is
added with energyE,(k) determined variationally. Her&, is the Fermi energy in the
band, so, = Ef represents the Fermi surface. Since the bottom of tspin quasiparticle
band occurs ak = 0, as for the bare band, the lowest excitation energy on spin reversal is
given by

1
E=FEi0) — Ef+5JS. 4
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If £ < 0, the state of complete spin alignmdt) is not the ground state. If > 0, no
definite conclusion can be drawn. If the local spins are treated classically they are rigid
and E1(0) = ¢¢ + %JS, so E > 0 for sufficiently largeJ. However, with quantum spins
the | -spin particle of wave-vectak can scatter to a statg near thet-spin Fermi surface,
exciting a magnon of wave-vectér— q. Multiple scattering of thet-spin particle and the
magnon leads to a bound state below the scattering continuum, correspondingsjoira
guasiparticle, which can result ii being less than zero. This is familiar from the Hubbard
model [18—-20] and motivates the choice of variatioansatzin the present case.

In order to calculateE (k) we wish to construct a wave-function for a state with a
J-spin electron of wave-vectde added to the statgF’). The simplest wave-function, the
only possibility for classical spins, is

k) = cf,, |F). (5)

However, the crucial magnon—electron scattering states are given by
1 i(k—q)-(R)) (— _
|k; q) = \/N Zel(k ? (R’)(O'i +S; )CJ;HF) (6)

whereS;” is the local spin-lowering operator aiag = cjicm is the corresponding itinerant-
spin operator. The total spin-lowering operatgr + S;” reduces the-component of the

total spin but preserves the parallelism of the local and itinerant spins on each site, which
is essential for largg. The required variationansatzis

W) = Alk) + ) Alk; q) (7)
q>ky

whereq > ky indicates summation over-spin states unoccupied ji). This is equivalent
to Okabe’s [16] equation (7.8). It is easily shown that minimizidg | H | W) with respect
to A, A4, enforcing the normalization conditiond,|W;) = 1 by means of a Lagrange
multiplier which is actually the energ¥, + Ei(k) where Ej is the energy of|F), is
equivalent to solving the Sabdinger equation within the subspace of states |k; q).
Thus

(k|H — Eo|Wy) = E1(k)(k|Wy) 8
and
(k; qlH — Eo|Wy) = E1(k)(k; q|Wr) 9

where |¥;) is given by equation (7). The matrix elements are easily evaluated and
equation (8) is found to involve the parameters onlydas Zq>k¢ Aq. Equation (9) may

be solved for this quantity and the parametérsA, are thus eliminated. The resultant
equation forEq(k) is

1
E1(k) — €k + EJs =JS(L+ JSF)™! (10)
where
1 -1
(n+2S)F,=N"1 Z [eq — EJS +wk—q) — El(k)} (11)
q>ky

and the approximate spin-wave energyg) is given by
(n+29)0(@) =N (eprqg — €p). (12)

p<ky
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For k near the origin, equation (10) has a soluti@a(k) below the electron—magnon
scattering continuum of energieg — %JS + w(k — q), as discussed previously for the
Hubbard model [18, 19], and the lowest of these solution%1€0). Thus the lowest

spin-reversal excitation enerdy, given by equation (4), satisfies the equation

E+Ef—e=JS[1+JSF(E)] ™" (13)
where
(n+28)Fo(E) = N" > [eg+ w(q) — Ef — E]™* (14)
q>ky

sincew(—q) = w(q). This corresponds to Okabe’s equation (7.9); he points out that
inclusion of an on-site Hubbard repulsive interaction)_; n;yn;; between the itinerant
electrons merely replacesS by JS+ Un in equation (13). If all of the; nearest-neighbour
sites R are equivalent, and hen@pd{f exp(ip - R) does not depend on the particulBy,

it is straightforward to show from equation (12) that

(n+29)w(q) = —(1+€g/zHON' Y €. (15)
p<ky

We consider particularly the two-dimensional square lattice and the simple cubic lattice
which is relevant to the Mn sublattice of the manganites. The summations in equations (14)
and (15) may be carried out as energy integrals so that the nature of the lattice only enters
as a density of states.

The limit of classical local spins correspondsSte~> oo, J — 0, such that/ S remains
finite. ThenFy(E) — 0 and the right-hand side of equation (13) beconidsso E > 0,
indicating ferromagnetic stability, for sufficiently largeS (>Ef + zt), as pointed out
previously. The limit/ — oo with finite S is quite different, with the right-hand side of
(13) becoming 1Fy(E). However, asS — oo it is easy to show that > O for all n. If
we formally putS = 0 in this J — oo limit, the results correspond to the Hubbard model
with U — oo, as pointed out by Okabe [16].

In figure 1 we show results for the spin-reversal excitation endrggs a function of
band occupation in the limit J — oo, with § = % 1, 2 for (a) the square lattice and (b) the
simple cubic lattice. Okabe [16] gives results only foe= 0 and% in the square lattice and
our results agree with his in these cases. (We do not show§ taed case corresponding
to the Hubbard model, since this has been discussed exhaustively elsewhere [20].) The
most interesting result is the instabilite < 0) of the completely aligned ferromagnetic
state in the simple cubic lattice with = % where quantum effects are most important, for
0.12 < n < 0.45. The increased stability of ferromagnetism in the two-dimensional case
follows the same trend as in the Hubbard model [20]. The rather complicated variation of
the curves in figure 1 a$ is changed is due to competing effects; the faeter 2S5 in
[Fo(E)]~* tends to increas& with increasingS, whereas the same factor in equation (15)
leads to a decreasing spin-wave energy which tends to deckeaBke form of the curves
depends sensitively on the form of the density of states. It is found that the dip in the
S = % curve in figure 1(b), which gives a region of ferromagnetic instability, disappears
if the correct simple cubic density of states is replaced by a semi-elliptical one in the
calculations.

As seen in figure 1(b), the present approximation indicates a stable ferromagnetic state
for all n, with J — oo, in the physically interesting case &f= g corresponding to Mit in
the manganites. Figure 2 shows the development of an instabilitysadecreased although,
as Okabe [16] points out, this will not occur in the presence of strong Coulomb repulsion
U. The instability first occurs fo/ of the order of the bandwidth with ~ 0.7. Even
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Figure 1. The spin-reversal excitation energ@y(in units of 2) as a function of band occupation
n(J — oo) with § = % 1, 2 for (a) the square lattice and (b) the simple cubic lattice.

when the ferromagnetic ground state is stable there are clearly low-lying single-particle
excitations of the type considered here when- 0.7. These excitations correspond to
removing ant-spin electron from the Fermi surface and putting it ig-gapin quasiparticle

state, which is a bound state of gnspin electron and a magnon, at the bottom of the
bandk = 0. The energy of such excitations, with wave-vecgocorresponding to the
4-spin Fermi surface, will decrease with increasing temperature and they are presumably
responsible for the observed damping of spin waves at large LaPky3MnO; at 0.8T7,,
whereT, is the Curie temperature [21].
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Figure 2. The excitation energy (in units of 2) as a function of: for § = % with various
values ofJ (in units of 2).

Finally we point out that the proven region of ferromagnetic instability could certainly
be enlarged by use of improved variational wave-functions. Those used for the Hubbard
model [20, 22] could be adapted for this purpose.

3. Band narrowing in the paramagnetic state

In the classical treatment of the model defined by equation (1), two sites are considered
with one itinerant electron, and the limit/r — oo is taken. The energy of the system is

+t cog0/2), whereo is the angle between the classical vectors representing the two local
spins. In an exact quantum-mechanical calculation, Anderson and Hasegawa [9] and Kubo
and Ohata [17] classified the states of the two-site system with one electron according to
the total spinSy, which includes the electron spin as well as the two local spins. They
found energiests. . where

teff = I<S0 + %)/(25 +1) (16)

with So = % % e, 285+ % Kubo and Ohata also considered an equivalent picture in which
the mobile carrier is a hole strongly coupled antiferromagnetically to local §~piﬁ$’+ %

so that the total spin on a site occupied by a hol& &s it should be. Thus in equation (16),

S is replaced byS and, to preserve the same energigrls;, as in the electron picture
must be replaced by(25 + 1)/(2S).

To go beyond the two-site problem, Kubo and Ohata [17] introduced a virtual-crystal
approximation in which the effective hopping integral; is given by a weighted average of
equation (16) ovesy. At high temperature, far above the Curie temperature, the weighting
factor is just the degeneracy@+ 1, and one finds

Ty _ 2 1

. (17)
3 325+1)
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As § — oo, 1./t — 2/3, which is the classical result obtained by averaging(&(
over the solid angle.

In the treatments discussed above, only one electron, or hole, is considered and the
band-narrowing factor, ¢/t is due entirely to strong coupling to the local spins. Band
narrowing due to correlation between electrons, as occurs in the Hubbard model, is not
included. This effect certainly occurs, since the limhjftr — oo excludes double occupation
of a site just like the limitU — oo in the Hubbard model. The aim of this section is
to include this effect, using a Green’s function equation-of-motion approach with Roth’s
decoupling approximation [23]. In the appendix, we show how this method, in its simplest
form, relates to equation (16) for the two-site one-electron problem. For the ferromagnetic
stability problem of section 2, it is equivalent to a variational treatment, considered by
Okabe [16], which is somewhat cruder than that used in section 2. In the paramagnetic
state at high temperature we find a stronger band-narrowing effect than that of equation (17)
and it depends on, the number of itinerant electrons per atom.

The Roth scheme [23] for calculating quasiparticle bands in a correlated system is
to consider a retarded Green’s function matéix with elementsG,,(w) = ((Ay; A,E)),
where the operatord, are a set of fermionic operators suitable for describing one-particle
excitations. A clever decoupling procedure for the equation of motion leads to the result

G(w) = N(wN — E)"IN (18)
where the energy and normalization matricBsand N, are given by the thermal averages
qu = ([[Apv H], ACT,]-&-) Npq = ([Ap’ AI,]-&-)- (19)

The one-particle excitation energies are thus given by débN — E) = 0. For the
Hubbard model, Roth [23] used two operators for a given wave-vdettgading to an
excitation spectrum consisting of two quasiparticle bands. Recent quantum Monte Carlo
calculations [24] yield spectra which are dominated by two peaks for katius defining

two quasiparticle bands. The Roth and Monte Carlo bandd/fet 8|z| are generally in
remarkable agreement [25]. Fer= 0.75, wheren is the number of electrons per atom, the
two methods yield the same width of the narrowed lower band, butiasreases towards

1 the bands obtained by the Roth method narrow more rapidly than in the Monte Carlo
data. It should be mentioned that a different method of analysing Monte Carlo data leads to
more spectral structure than the simple two-peak form [26]. Fer oo the upper band is
removed to infinity and the lower band is obtained in the Roth scheme with a single Bloch
operator which ensures that no site is doubly occupied. We apply a similar procedure to
the model defined by equation (1) with — oo; in this case the operator must not only
ensure that an electron does not hop onto a site which is already occupied, but that if it
hops onto an unoccupied site it does so with spin parallel to the local moment, forming a
state of total spirs + % The required operator for th-spin Green’s function is

A = N2 Z ghRig, (20)
i

with
A= +1+S)A—niciy + S (L—nip)eiy (21)

wheren;, = c}'(,c,-g. For the single operatot,, the matricest and N, given by equation
(19), are just numbers and the quasiparticle band is given by

wr = Ei/Np, (22)
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with
Ex = ([Ak, HL ALLY) Ny = ([A, ALLY).
Writing H = Hy + Hi, as in equation (1), we have
Ex = ([ A, Hal, A{l+) + ([ Ak, Hal, A]]}) = Eo(k) + Ea(k).
It is easily shown that4y, Hi] = —3JSA, so Ey = —3J SN, and

1
Wp = —EJS-‘F Eo(k)/Nk

Clearly, from (23) and (20, = {[A;, Af]+>, independently ofe, and

Eo(k) = ([ A, Ho). All4) + N1 ¥ BRI 4, Ho), Al],).

(i)
Hence, from (25),
wy = Meg, + k — independent terms
where the band-narrowing factaris given by
A=P/0
with
P = —t7Y([[A;. Ho). Al]})

0 =Ny = ([A;, AllL).

Herei and j are nearest-neighbour sites.
After a lengthy but straightforward calculation we find

P=((S+1+S)S+1+SH[A—n)A—n;)+0; 0]
+ S;Sj[(l —nip) (A —njy) + 0i+oj_]
+ (S +1+ Sf)Sj*[(l —ni)o; +(1- njy)o; ]
+ (S+1+5)8 [A—nipo + A —njo )
and

Q0= ((S+1+5)2L—n)+ (S +1+5)S 0

+ ST S +1+ 807 + A —nipA—ni ST ST+ A —nipng STS7).

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

In the appendix we show how the band-narrowing fa@&gp calculated here relates to that

of Kubo and Ohata (equation (16)), for the two-site one-electron case, and to a variational
result of Okabe [16] for the ferromagnetic case. Here we concentrate on the band narrowing
in the paramagnetic state. In this case it should be possible to write the thermal averages
of P and Q in a rotationally invariant form, independent of the choice of spin-quantization
axis. This may be achieved by symmetrizijgand Q under an interchange df and |

spins wherebys? — —S7, n;y — n;y, S; — S, 0, — o etc. ThusP and Q are each
written as the means of two expressions, before and after the interchange. We also invoke
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the symmetry ofP under interchange of and j. After some manipulation we find the
rotationally invariant forms

1 1
P = §<[(S+1)2+S, . Sj]|:2—n, —}’lj + En,-nj +20’,0'j:|>

1
+ E(S + (@B —n; —nj)(S; + 8)) - (o;+0)))
+ ((Sj - 0)Si - 0i) — ((S; - 0:)(S; - 7)) (33)
and

0= (ZS+1)<S+1— %n) (34)

wheren; = n;y +n;, andn = (n;). In evaluating the thermal average for we have

used the resultS; - o;) = %nS which is appropriate fod — oo, the case considered in

this section. We note that the normalization faofo=N;) is independent of temperature

in the paramagnetic state. Clearly the band-narrowing faBto® depends on local and
itinerant-spin correlations in a much more subtle way than the clasgioab/2) result.

To evaluateP more explicitly, we consider the high-temperature limit where there is no
correlation between neighbouring sites, so that the correlation functions can be factorized.
Then

2

2
P = <S+1— %i’l) + ((S, S/)(O', °0'j)) — <(Sj °0'l')(S,‘ °0'j)> = (S+1— %l’l)
(35)

since the last two terms cancel on expanding the scalar products and factorizing. Hence,
from (28), (34) and (35) the band-narrowing factor at high temperature is

1 1-—n
Ar==(1 . 36
2( + 28 + 1) (36)
Comparing this with Kubo and Ohata’s factor, given by equation (17), we note a
stronger band-narrowing effect, particularly as the occupation of the band approaches one
electron/atom. In this limitj is independent of, and the same result = % is obtained

for all n as S — oo. Kubo and Ohata’s result is based on an average two-site problem,
whereas we consider a correlated electron propagating through the crystal.

4. Conclusion

Much recent work on the double-exchange model uses the approximation of classical local
spins, which ensures a stable ferromagnetic state. We have shown rigorously that for
guantum spinsS = % and band occupation in the range A2 < n < 0.45, the state
of complete spin alignment is unstable against single-particle spin-flip excitation, even for
infinite Hund'’s rule coupling.

The quasiparticle with reversed spin is a bound state of a majority-spin electron and a
magnon. For the manganite case St 3/2, where the ferromagnetic state is stable in
our approximation, similar low-lying excitations are expected to play an important role as
the Curie temperature is approached, for example in the damping of spin waves and the
transport properties. We have also investigated band narrowing in the paramagnetic state,
particularly in the high-temperature limit. The band narrowing depends on occupation of the
band and on spif§. Our calculation, in which we consider a correlated electron propagating
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through the lattice, yields stronger band narrowing than that deduced from an averaged two-
site problem. When combined with strong electron—phonon coupling, this effect may be
important for understanding the insulating paramagnetic state of the manganites.
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Appendix

We first show how the method of section 3 relates to Anderson and Hasegawa's [9] and Kubo
and Ohata’s [17] two-site result quoted as equation (16). In the standard Roth procedure
[23], the averages in the expressions frand Ny, (equation (23)) are independent thermal
averages. For the simple system of two sites with one electron, we can adopt an alternative
approach. Both expectation values can be calculated in an eigenstate of the system, classified
according to the total spifip, and an averaging of the resulting band-narrowing fagjeyt,

or A in equation (28), can be carried out subsequently, following Kubo and Ohata. A state
of total spinSy is produced by adding afi-spin electron to an eigenstat&, — % So — %)

of the two-spin system with total spisy — % andz-component of the spify — % Thus the
expectation value® and Q, given by equations (31) and (32), are evaluated in the state
|So — 3. So — 3), with no electron present. Hence

P=((S+1+5)(S+1+S)+5 S (A1)

0 =((S+1+SH%+5785). (A2)
Both are simply evaluated, using;) = %(So — %) in the case ofQ, and one obtains
equation (16) for.sr/t = A = P/Q.

Finally we show how the Roth method of section 3 gives a result for the propagation of a
singlet-spin electron, with all local spins and other itinerant spins completely aligned down,
which is equivalent to a variational result of Okabe [16]. In this case, Wifh = —S,

P ={(1-n;)A—n;)) (A3)
0=(1-—nmA+S SHH=@S+DH1L—-n) (A4)
wheren is the number of|-spin electrons per atomP is readily evaluated in the Fermi

sea of non-interacting-spin electrons by transforming to Bloch operators. The final result
for the 1-spin band-narrowing factor = P/Q is

A= —1 1 —E§ A5
_25+1[ _n_(zt)z(l—n)} (A5
where

E, =N712(nkl)ek. (AB)
k

This agrees with the factor in Okabe’s [16] equation (5.2), apart from an obvious misprint.
Hence, for the case of a single spin flip, our Roth method is equivalent to a variational
ansatzwhich, although inferior to th@ansatzof section 2, gives reasonable results for the
correspondingl = oo Hubbard model. In fact, by putting = 0 in (A5) we have the
result of Shastnet al [27] for the Hubbard model.
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