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The metal-dielectric transition with spin and charge-density wave formation is considered within the

framework of the generalized s-d model. A novel mechanism of ordering of the localized spin is described,
connected with their exchange magnetization in the inhomogeneous intrinsic field of the band electrons. The
amplitude and critical temperature of the spin-density wave are found to be considerably in excess of the
parameters of the spin density band wave. Allowance for the spin-phonon interaction leads to coexistence of

charge and spin density waves and also to a first-order transition with respect to the temperature.

PACS numbers: 71.30. + h, 71.50. + t, 71.45.Gm

1. INTRODUCTION

Usually the metal-dielectric transition (MDT) with
doubling of the period and formation of spin density
(SDW) and charge density (CDW) waves is considered
in a system of band electrons (see, for example, Ref.
1). Such transitions are frequently studied experimen-
tally in the oxides and sulfides of the transition metals,
where, along with the band electrons, there are local-

ized electrons which form localized magnetic moments.

The theory of a ferromagnetic SDW with account of lo-
calized spins has been considered by Vol’kov and
Mnatsakanov.? The instability of the homogeneous par -
amagnetic state of a system of localized spins relative
to the formation of an antiferromagnetic SDW has been
shown previously.®

In the present work, we have studied the CDW and
the antiferromagnetic SDW and their coexistence in a
system with localized magnetic moments. It is shown
that the reason for the first-order transition can be not
only the corrugation (anisotropy) of the Fermi sur-
face!’* for band theories, but also the sufficiently
strong spin-phonon interaction, and without account of
the latter it is impossible to obtain coexistence of SDW
and CDW. Whereas in the band theory, a dielectric
state is impossible in the presence of sufficiently
strong anisotropy of the Fermi surface, in our theory,
a new dielectric phase appears and becomes stable
with increase in the anisotropy.

2. SPECTRUM OF QUASIPARTICLES IN AN
ANTIFERROMAGNET WITH A DISTORTED LATTICE

We write down the Hamiltonian of the interacting
electrons, localized spins, and phonons

H=H,+H,

H=H" +H" +HS , H=H. +H._ s+Hs s+Ho pntHs_m,

H = Z‘ (e—p)ne+ 2 b(h) at*arn,o
fo
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Hy_g=—] Zs.o,, Ho—s=— Z 1(h)SiSten,
1 th

H, pp=N"" Z‘gq (bgtb-q*) axs* ax-q.0
kqo
Haop=N-" Y Aa(b) (b+b-0%) SiStsn. (1)
fhe

Here aj, (as,) are the creation (annihilation) operators
of the electron at the lattice point f with spin projection
o, € is the single-electron energy level in the crystal
field; p is the chemical potential, b(h) is the integral of
the jump over the distance h={’'-{; S, and o, are the
spin operators of the localized and band electrons, re-
spectively, H is the external field in energy units,
by(b,) are the creation (annihilation) operators of the
phonon with wave vector q and frequency w,, I(h) is the
effective integral of exchange interaction, the expan-
sion of which in powers of the displacements of the ions
leads to the spin-phonon interaction. Physically, the
manifestation of this interaction is the magnetostric-
tion. In view of the short-range character of the Heis-
enberg exchange, we keep only the sum over the z
nearest neighbors in Hs_s and Hg_p,. The Hamiltonian
(1) contains both the Hubbard model and the s —-d model
as special cases.

According to Kopaev and Timerov,’ as a consequence
of the Bose condensation of phonons we have in the di-
electric phase A = ZgQ(b Q}N"”’;e 0 and the electron-
phonon interaction reduces to an external field H,.
Since the matrix element of the intraband electron-
phonon interaction is purely imaginary,® the quantity A
can be complex. In the absence of other order param-
eters, the phase of A is unimportant, because the di-
electric gap E, = 2/A| but since we want to consider
the coexistence of several forms of the ordering, then
the phase of A is important. If we write H, not in the
momentum representation, as is the usual case, but in
the coordinate representation

o=t Y nie,
fo

then, from the condition that the Hamiltonian for a
crystal with a center of inversion is Hermitian, &*

= A, It will be shown below that only real combinations
of the matrix elements go85 and goAg enter into the
theory.
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Let the mean density of the electrons be n. In a state

with a CDW, we distinguish two sublattices:
Z (s> =n+26n.

We assume that the dielectric state can also be antifer-
romagnetic:

(Gagpy)=£C0Y, (Sagm)=2<S).

The spectrum of the electrons and the filling factors
are found from the standard set of equations of
Gor’kov™:

Evit=e—p+Un/2%vie, vi'=b*(k) +AS,

b(k) =Z b(h)e™®, A.=A+U(8rn—n(0)<0>)="/2In(a)<S), @)

n(o)=+1, o=t, n(0)=—1, o=}

The parameters 4, (o), ¢S), and & should be found in
self-consistent fashion.

3. EQUATIONS OF SELF-CONSISTENCY AND THE
CLASSIFICATION OF THE SOLUTIONS

The equation for the chemical potential is
L e
n=— Z UE) T IED)] (E) =[] ®3)

The amplitude of the CDW is determined by the expres-
sion

6n———2—[](En) 1(Ex)], (4)
and the amplitude of the band SDW is

1 P IR + -
<6>=W;n(0) [iE+ 1 )+ (EN =1 ED ] (6)

In the mean field approximation,

<S>=SBS{£T-[H+J<0>—(I+A;f)z(S>]}. (6)

Here Bjs is the Brillouin function for the spin S.

To obtain self-consistent equations relative to A we
use a method proposed in Ref. 5. As a result, we find

A=—2gq[2gq"6n+A4¢*2¢(S>*]/ @q. (7

Before analyzing the possible solutions, we note that
for n=1, i.e., when the initial metallic band is half-
filled, it follows from Eq. (3), which is represented in
the form

n—1— e

2N

Vi & Vke—E
th ————
[ —r U ) (8)

that p=¢ + U/2 at all values of the temperature. If we

introduce the notation

L. 1\129\“ hg ®)

then the set of equations (3)~(7) can be reduced to three
equations relative to 4y, 4A,, and (S):

Ao= (4| go|*/0q—U) (Ly+L,) +n(0) U(Ly—~L,) (10)
—22geAq <S>/ wq—"/2|T |1 (0) (S,
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(8> =SBB{——I—'[J(L,—L¢)+ (IT feede” ;11
22| 4ql? . .
“_w‘,—(S))“S)_H]}’ (11)
A= l"g"' 28l +L,)— 2,87 g"A“ (8%, (o> =L~L,. (12)

If localized spins are absent, then a transition in the
limit to the band theory follows from (10) at (S)=0. A
symmetric solution Ay =A,, Ly = L, is possible, which
corresponds to the CDW and which describes the three
dimensional analog of the Peierls transition, as is also
an antisymmetric solution &y = -4, Ly = =L, witha
SDW that describes a dielectric with antiferromagnetic
ordering. The coexistence of the SDW and the CDW
within the framework of band theory has been consid-
ered in Ref. 8. At T= 0, these solutions are described
by the formula

A=A =2We-'"*,
A=hp=(4| go|*/wo~U)N(0)

for the symmetric solution, A= Ag= UN(0) for the anti-
symmetric, N(0) is the density of states at the Fermi
level of the initial metallic band of halfwidth W= |blz.

The self-consistency equation (10) in the band limit
has the form of the BCS equation and describes a sec-
ond-order phase transition at the point T, = ¥A,/T.
The anisotropy of the Fermi surface, which is connect-
ed with jumps to not-nearest neighbors, leads to the
appearance of dielectric states that are metastable at
T=0 (Ref. 5) and to a first-order transition in the tem-
perature.?* For the account of this anisotropy, it suf-
fices to redefine

c =

1 [ th Vi Tl +i hv.‘,—u] )
N 2\., 2 2T

where u << W is the integral of the jump to the not-near-
est neighbors.

The second important type of solution corresponds to
an antiferromagnetic dielectric with localized spins. If
S+0, but A ;= 0, then there is an antisymmetric solu-
tion ©)#0, (S)#0, A= 0, determined from the set of
two equations

A,=2UL+,|T|<S>,

(S>=SBs{S[H+2JL,—Iz(S8)]/T}. (13)

Under these same conditions, a CDW phase can also
exist; the phase realized is the one for which the criti-
cal temperature is higher. As we shall see below, ac-
count of the localized spins increases T, for the SDW;
therefore, the condition A;> 2, is sufficient for the ex-
istence of the SDW.

Finally, at S#0 and A ,#0, the solution of Egs. (10)
and (11) describes a dielectric with antiferromagnetic
properties and with distortion of the lattice, i.e., the
coexistence of CDW and SDW. The argument of the
Brillouin function in (11) at H = 0 shows that there are
several spin-ordering mechanisms in the considered
model:

a) The usual Heisenberg ordering with the exchange
integral I, determined both by indirect exchange and by
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direct exchange. This spin ordering leads to magnet-
ization of the band electrons due to s —d exchange;

b) Formation of a band SDW can order the localized
spins even in the absence of Heisenberg exchange.
Here the inverse effect of magnetization of the localized
moments in the inhomogeneous molecular field of the
band SDW takes place;

c) Formation of a CDW and distortion of the lattice
due to spin-phonon interaction (magnetostriction) can
lead to ordering of the spins even at J= 1= 0;

d) A new mechanism of indirect exchange through
phonons appears in second order in4 .

In the following, we need the thermodynamic poten-
tials of the corresponding phases for the analysis of the
solutions that are obtained; therefore, we write out
here® the expression for the difference in the thermo-
dynamic potentials of the electrons and the non-inter -
acting spins in the effective field

h=J{c)— (I+AqAlga) 245,

in the dielectric and metallic phases

AQ=Q,,-Q.=—2TZJ' N(e)de lnﬂ%ﬂ
71 SBUSHA) W]

sh(k/2T)
4. EXCHANGE MAGNETIZATION OF THE LOCALIZED
SPINS OF THE BAND WAVE SPIN DENSITY

We consider in more detail case b), which is de-
scribed by Eqs. (13) at H=7=0. The second of Egs.
(13) at 7= 0 gives (S)=S signJ, while for the solution
of the first we change from summation over the quasi-
momentum to integration over the energy with density
of states N(g) = $W (the rectangular band model). Then

Ao 2w
Li=—In——-, |A/>u,
W TAY 1>u

A 2W

ﬂ=———ﬂ—l MR TR g .
L, W nu+(u’—A,‘)”’ 1A.l<u

We denote the larger solution by A,(T = 0)= 4, and
the smaller by A,(T= 0)= A,. They are determined
from the equations

n2W  1-171S/2A,

A, N (14)
In2W  1-1J18/2A,
u+@-A0)" A : (15)

At J= 0, we then get the results of Kopaev and Timer -

ovS:

A0=A007 A, (]=0) =A,= [Aoo (zu—Aou) ]’/’-

Since A,>0, it is seen from (14) that the inclusion of
the s —-d exchange is equivalent to an increase in the
Coulomb interaction:

Ae—het || S/28, at  |T|S<2A,.

As a result, the gap is increased. A graphic solution of
Eq. (14) shows that for u<4,,/2, there is one solution
Ay(J); for Ay/2 <u<A(J) there are three solutions
Aay(d), A (), 8,(J), if J<J,(u), and one if J>J,(u); for
u>Ay(J) there is also one solution 4,(J) [Fig. 1(a)]. In
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FIG. 1. Dependence of the SDW amplitude on the anisotropy of

the Fermi surface at T7=0 and J#0 (a), J=0 (b).

this connection, we recall that in the band theory, at «
>A,,, the ordered phase is absent [Fig. 1(b)]. Expan-
sion of the solution (14) in powers of |J1S/24, shows
that the larger solution increases linearly at small J:

AcBoo (147 8/2MA00) . (16)

The values of J,(x) and the solutions A, , can also be
found approximately at small J. Assuming that
1A, -4 l< A, we obtain

Ay, 2=[Ay?E (A= |7 | S (2A16+ | T | S/M) ) #1/ (2A 00+ | T | S/AL), (1)

whence
|J,|S=K.Am[ (1+ (Am/u)i)‘l"‘1]~

As is seen from Fig. 1, the phase transition in the
anisotropy parameter of the Fermi surface (it changes
as a function of the pressure, of the deviation from
stoichiometry, etc.) at 7= 0 is a first order phase
transition from the dielectric state 4y, to the metallic,
if J= 0, but from the dielectric state 4, to the dielec-
tric state 4, if J#0. The magnetic moment in the sub-
lattice at 7= 0 is

M=2pg({c>+S sign(/)).

According to Eq. (12), the jump in the gap A leads to a
jump in the moment.

The quantities (o) and (S) change with increase in the
temperature. The self-consistency equations (13) were
solved numerically for different values of u (Fig. 2).
The remaining parameters chosen were: I=A ,= 0;
U=0.8; g4q=0.1; wy=0.04; J=0.2; z=6, S=1. The
energy parameters are measured in units of the half-
width of the band W. The elliptical density of states
N(g) = 2(1 - (¢/W)?) 2/7W was used. It is seen from
Fig. 2 that the jumps of the moment and of the gap take
place at the same time, while the temperature of the

7 7
Sy (§)
04 4 ok
//
0 ] 7 & I
0,1 TeV E)Mﬂ.
T,ev
=04 4, a -0.4 4 b
FIG. 2. Temperature dependence of the average spin and gap

Ag for u=0 (a), and#=0.2 (b). The dashed lines correspond
to the metastable phase.
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transition decreases with increase in . The obtained
temperature dependence of (S) differs sharply, even at
u=0, from the usual magnetization curve for the sec-
ond order transition. This is connected with the special
character of the ordering of the spins, the reason for
which here is not the spin-spin interaction, direct or
indirect, but the magnetization of the spins by the mean
field of the band electrons.

At =0, when we have a second order transition, we
have (o)= (S)= 0 at the point T,. The quantity T, is
determined by the equation

In(2YyW/nT ) =[A+(S+1)J*/12WT ], (18)

which is similar, as is also (14), to the corresponding
BCS equation, but with a renormalized coupling con-
stant, while the renormalization depends on the tem-
perature. A similar result was obtained in Ref. 2 for a
ferromagnetic SDW. We note that the renormalization
of the coupling constant in Eq. (18) is proportional to
J2 while in (14) it is porportional to J; therefore the
increase in T./T, as J~ 0 turns out to be less than
A,/By. Actually, in this case,

Te=Te[ 1+ (S+1) 120 WT.,]. (19)

If the indirect interaction between the localized spins
were absent, and they were magnetized only in the field
of the band SDW, then the temperature of the ordering
would be T,. The increase in T, is connected with the
usual indirect interaction in the s —-d model, which is
proportional to J 2N(0).

5. SOLUTION OF THE SELF-CONSISTENCY
EQUATIONS IN THE GENERAL CASE

It is seen from the formulas (12) that account of the
spin-phonon interaction makes the construction of a
completely antisymmetric solution impossible. There-
fore, at smallA g, the principal effect from the spin-
phonon interaction consists in the appearance of a dis-
tortion of the lattice and of the CDW, simultaneous with
the formation of a SDW. With increase in the interac-
tion constant A , the character of the temperature
curves of 4, and (S) also changes, and the tendency
toward a symmetric solution is established, and to-
wards a first-order transition in the parameter A , be-
comes ever stronger even in the absence of anisotropy
of the Fermi surface.

The tendency toward a transition from antisymmetric
solutions to symmetric as A ; increases can be seen
from the set of equations (10), (11) at J=0andA ,—~ 0.
If furthermore, A ,= 0, then we have two uncoupled
systems —the band electrons can form an SDW or a
CDW with its own critical temperature T, while the
localized spins are ordered due to the effective ex-
change I, and their Neel temperature is determined
from the usual equation of the mean field

(8)=8Bs(—IS2¢SIT),

which has a nontrivial solution at /<0 (antiferromag-
netic character of the exchange). The connection be-
tween the band and spin subsystems arises from the
spin-phonon interaction.
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At T=0, Eq. (10) has the form
As=1/, l.pzl A, 111(2W/Aa.) +4/, T](U)A«- Zl T](OA)Aa. 1n(2W/A,.)-—A,

(20)
A=228"goAo*/we,
and Eq. (11) gives (S)= xS if
goda* W g
1+—(D-QWZ‘n(a)A,,ln-ZC 225% Aol ©q<0. (21)

In the opposite case, (S)= 0.

Let As> ), so that Eq. (20) has the antisymmetric
solution A, = Ay, &y = -4, At smallA ,we seek a
solution in the form A, = Ay =8, Ay = =By =8, 8y0/0
> 1. Linearizing Eq. (20), we easily find

8=Ah.] (A—AptAds).

The condition of antiferromagnetic ordering of the lo-
calized spins (21) is satisfied not only for I <0 but also
for weak ferromagnetic exchange:

I<I,=2|Aq|[28%| Aa|*|8a| 6 (1/Ae—1)/W]/wq.

In the general case, the reasons for the first-order
transition can also be the spin-phonon interaction and
the anisotropy of the Fermi surface. Moreover, at «
#0, new solutions appear in the vicinity of T,, with a
smaller gap and with less magnetization of the sublat-
tice. A comparison of the thermodynamic potentials of
the two dielectric phases shows that the phase realized
is the one with the larger value of (S). The SDW and
the CDW coexist in this phase, i.e., the localized spins
are ordered antiferromagnetically, the band electrons
and the spin and charge densities both form double sub-
lattice structures with the same period, and a static
distortion of the lattice exists. A change in the effective
exchange integral I changes the transition temperature
significantly.

6. DISCUSSION OF THE RESULTS

The considered model is applicable to the oxides and
sulfides of the transition metals, in which a metal-di-
electric transition accompanied by structural and mag-
netic transformations is observed. Even if there is
some doubt about the existence of localized moments in
the oxides of vanadium, there are localized spins in the
sulfides FeS, CrS and their solid solution Fe C,_S.
This same model can obviously describe the Verwey
transition in magnetite Fe;O,. Our theory does not pre-
tend to a description of any specific substance, since
the sequence of phase transitions is determined by the
particular set of interaction parameters. Nevertheless,
we can draw the following general conclusion: in crys-
tals with localized spins the value of the gap and of the
critical temperature increase in comparison with pure-
ly band systems. Actually, in sulfides the metal-di-
electric transition takes place at much higher tempera-
tures (T,~10°K) than in oxides (T, ~10°K).

The second conclusion is the following: almost all
materials of these classes have a clearly expressed
first order transition. The spin-phonon interaction
contributes to this transition. Moreover, without the
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spin-phonon interaction, it is impossible to obtain dis-
tortions of the lattice in the antiferromagnetic phase.

In conclusion, we note that the metal-dielectric tran-
sition is possible in our mode also in the case of ferro-
magnetic ordering, on account of the exchange splitting
of the narrow conduction band. The theory of such a
transition is given in Ref. 10 for a specific case. This
case, too, is characterized by high values of the criti-
cal temperature.

The authors are grateful to E.V. Kuz’min and V.I.
Ponomarev for discussion of the results. )
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