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A model of d(f) metals with localized levels immersed in the conduction band is considered. When the
transition energy () between the configurations d"*! and d” is close to the Fermi energy K, the metal
becomes unstable with respect to formation of bound states between the conduction electrons and d(f)
ions. As a result, a gap 2A,, appears in the conduction band, and the density of states at the edge of the
gap is much greater than the initial density. Consequently, Cooper pairing under such conditions may
result in superconductivity with a high transition temperature T,. The conditions on the electron spectrum
parameters are obtained and the region of interaction constants A,, and A, is found for which the gap A,, and

the superconducting gap A, can exist simultaneously.

PACS numbers: 74.10.+v

1. A characteristic feature of transition d- and rare-
earth f-metals and their'compounds is the presence in
their energy spectra of localized atomic-like levels of
d(f)-electrons; for example, the pseudopotential of a
transition metal differs from the pseudopotential of an
alkali metal by a term which describes the resonance
scattering of the conduction electrons by the localized
level.l'l If the localized level (or very narrow band)
overlaps the conduction band, then their hybridization
(mixing of states) takes place and the density of states
in the hybridized bands increases materially close to
the level in comparison with the density of states in the
trapped conduction band go. We emphasize that the hy-
bridization is due to the action of the crystalline field
and is a single-particle effect, which is taken into ac-
count in the traditional band scheme.

The scattering of conduction electrons by the level
can be regarded as a reaction with a ‘‘compound atom’’
stage:

ct+d(n)—~d' (nt+1)>c'+d’ (n),

when the d-ion with a ground n-electron configuration
and energy en absorbs a conduction electron (c-elec-
tron), transforming into an (n + 1) electron state with
energy €n+1, and then again emits the c-electron, re-
turning to the n electron state. As is shown in'®?, if
the energy of the transition Q =ep1 = en is suffici-
ently close to the Fermi energy u, additional hybridi-
zation of the c- and d-states takes place, due to their
intra-atomic interaction; in contrast to the usual hy-
bridization (direct mixing), this is known as dynamic
mixing. The metallic state for u~ @ turns out to be
unstable relative to the formation of bound states of the
conduction electron with the d-ion, and at a temperature
T = Tm it undergoes a phase transition into the ‘‘super-
mixed’’ state,!?] which is characterized by the order
parameter (CfXUZ), where cf is the creation operator
of the conduct1on electron at the node f of the crystal
lattice, and X{'2 is the Hubbard operator, which de-
scribes the transition of the d-ion from the (n + 1) elec-
tron configuration to the n electron configuration.

For T < Tp,, the d1spers1on law of the quasiparticles
in the nonmagnetic case is(?!

E. (k) ="/[ext+Q+} (ex—Q)*+44%] —p, (1)
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where ¢ is the energy of the conduction electron and
A is the self-consistent parameter of dynamic mixing:

A=A(1—n./2),

Here Vp, is the potential of the screened intra-atomic
Coulomb interaction of c- and d-electrons, n, is the
relative number of nodes occupied by ions with the
n-electron configuration and the mean {¢*X) does not
depend on the number of nodes. Since the dynamic mix-
ing has a resonance character in the range u ~ Q, the
contribution of the crystalline field to the quantity A
(single-particle hybridizations) can be neglected. The
spectrum (1) determines two subbands: E,(k) and

E. (k), separated by a forbidden band with a minimum
(indirect forbidden band) Eg ~ 2Ap, = 2A*/W} which is
much less than the value of 2A-the direct forbidden
band (W is the halfwidth of the conduction band).

A=—V e Xe, @)

Depending on the location of the Fermi level, the
supermixed state will either be a dielectric or a state
of the type ‘‘reduced metal’’*! with a reduced number
of carriers. In both cases, the density of states in-
creases at the edge of the gap (in the integral ~2A),
and, as is shown in®],

g(E) ~gln

IQI

The state of the system with Ap, «< A can turn out
to be unstable relative to the Cooper pairing, and the
energy of coupling of the Cooper band can be much
greater than in the initial metal, because of the high
density of states.

A similar situation was considered in{*®], where the
electron-hole pairing leads to a transition metal-die-
lectric with twice the period of the lattice and formation
of a dielectric gap. Similar to our case, the density of
states on the edges of the gap increases, which leads to
an increase in the binding energy of the Cooper pair and
elevation of the temperature of the superconducting
transition Tg.

The effect of ordinary hybridization—direct mixing—
on the superconductivity was studied in %), where it
was shown that, depending on the relation of the con-
stants of hybridization, intra-atomic interaction and
interband interaction, the presence of an unfilled level
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near the Fermi surface can lead both to an increase
and to a decrease in the effective binding constant and,
consequently, in Tg.

In the present paper, we study the superconductivity
in the simplest mixing model, *! in which the c-electrons
fill a simple, nondegenerate s-band, and localized states
of the d(f)-ions appear: |0 ) - n electron configuration
with spin S = 72, its projection ¢ and energy ¢, | 2)

- (n + 1) electron configuration with spin S =0 and
energy €p+1. The level €p is assumed to be degenerate
in o (for the magnetic case ept # €pi, the dynamic
mixing was considered in(®]). We shall assume the con-
duction band to be filled arbitrarily, so that the chemical
potential u can take on different values. The condition
of the closeness of Q and y is

|Q—p|<pexp {—1/V.go}.
Depending on the quantity A m
]

can vary from 10 to 10°°K,[
i is not very severe.

= Vmg0, this difference
so that this limitation on

2. We consider the set of collectivized and localized
electrons, described by the Hamiltonian

=36+ nixt+36.,

%oz Z Ekaa+Cku+(ﬂ 2 thz,
ko 1

Hna= Y [A4) () erst Xi ™ +A47 W) 1 (0) X¢ ™

kfo

ko),

#,=

kyky

@)

+ o+
Vk.kxcknc—kuc—kuckﬂ-

Here cf o» Cko are the creation and annihilation opera-
tors of the c-electrons with quasimomentum k and spm
g, Xf = |p)(q| are the Hubbard operators (p, q

2), tk=€k -, w=9 - n(o) = £l for ¢ = £/5. The
Hamiltonian #; describes the set of noninteracting col-
lectivized and localized electrons, #pjx their dynamic
mixing with the self-consistent potential Ag(k)

= N"/ze_lk .fA and g describes the interaction be-
tween the c-electrons leading to the superconductivity,
while Vi k, is the ordinary potential of the BCS attrac-
tion model, and is equal to ~Vg in the layer 2wp
around the Fermi surface.

We introduce the following anticommutator equal-
time Green’s function:

Kept [ epr ™22, KX ey ™)), Lempy*lenr ™),
KX ey ),

the set of equations for the Fourier transforms of which
is obtained in the following fashion:(®]

(E—8p) Kepylepy™Ds— Z A(p) (X lepy *VutA(P) Celpyicpy FYa=1,
1
(E—0) (Xl *Vs— (1—ny) Z,A.‘ (k) Cexylepy* D=0,
k

(E+E,) <<c_+,¢|c,,+>>,—2 Ar (—p) CX ey DA (D) Ccpy gy D 5=0,
1

(E+u))<(X,“ic.,,*>)n—(1—n_)ZA,(—-k)((cf,‘lc,,+)>.=0. @)
k
Here
. Sp(...e #T)
A(p) 2_2 Valeoxen?,  ne=<X,", (...)=WT—. (5)
k

In the nonmagnetic case n, =n. = 7zn,. Assuming A (p)
to be a real quantity, we find the solution of (4):
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E+g,— A%/ (E+ A(
((c”lo“+))l=_§_|r__£___‘f’_)_, «cjvtlc)t+»:= - L

D,(®) Dy(E)’
" o) Ure A%/ (E+
Lol dgm A (piz (_1mn/2) E+t = (E() ®)
—A4(—=p) (1—ny/
Xty tde= Al ;j_((: - 2)DA((];)) (®)
where
Dy(B) = 2o (E—8) (E—0) ~A*][(E+5,) (E+a) 2] =4*(p) (B*—0))}.
(7

The functions (6) still do not give complete information
on the system; for calculation of averages of the type
(X99) and ( X*?), we must know the functions

(XX, Con—o Xi9), (el Xe),  «X{T°1X20),

which are easily found from the set of equations similar
to the set (4):
1—ny/2
E-o

<<X(‘Z|X|“>>E =

A(1—ny/2) E+,—A%/ (E+o)
2 (E—0)* Dy (E)

A(p) (1—no/2) E+E,—A% (E+o)

((C“ | X Ve =

E—o D, (E)
'—A:(P) (1—nn/2) A (P)
.t 24 —
«C—p;lxl >>E o D,(E) ’
) A*(1—no/2) A(p)
2 X 2 g — - . 8
(XX Dz o D.E) (8)

The expression for Dp(E) is conveniently written in the
form

Dy(E) =g {[Ez +(p) I[E*~E_*(p) 1-A%(p) (E*—0%)},
where Ei(p) are determined by Eq. (1). The excitation

spectrum is determined from the equation Dp(E) = 0
E;2(p)="12{E,*(p) +E-* (p) +A* (p) £ [ (E,*(p) —E-*(p))*
+A%(p) (A*(p) +2(E,* (p) +E-*(p)) —40") ]"}.
In the limiting case A (p) — 0, the spectrum (9) goes

over into (1) and, as A — 0, w — 0, we get the usual
form of the dispersion law in a superconductor.

©)

3. We find the averages of interest to us with the
help of the spectral theorem:

E,(p)
2T

th

_ 1 { & (E:(p) —0°) Tod®
E(p)—E.* (p) 2E,(p)
_ BB (p)—0’) tod® th E.(p) }
2E,(p) 2T

A(p) [Ei(p) -0’
E’(p)—E*(p) U 2E.(p)

E;? (P) -’ th Ez(p) }
2E,(p) 2T J

1
Cepytepy) = >

(10)

o P
2T

+
CeppTepy? =

(11)

E,(p)
2T

. —A¢ (p) f EZ(p) +‘"§p'g2

Ceppt Xty = —

o E:(p)—E7(p) U 2E,(p)
_Er(p) 1ot —a" | Ei(p) } .

2E.(p) 27

th

(12)

The expressions for the averages ( X§’) = (Xf Xf*"') and
(X79) = (qu2 X§#7) are found in a similar way from (8).
The explicit values of these averages is not given be-
cause of their cumbersome nature.

Using the definitions (2) and (5) and the relations (11).
and (12), we find the self-consistent equations for A
and the superconducting gap As (for simplicity, we con-
sider a rectangular conduction band with the level uo
= 0 set at the middle of the band):
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t_47_ {Ef(&)—mz A
A, 2 e E*(8)—E.*(8) E, (%) toar
_El(E)-0’ | Eu(B)
oo ) (13)
1_1 [or &t (ElE)Fes-A  E(5)
An 2 _512(§)—E2’(§)l E.(F) oT
El(E)tot—A% | E,(E)
B O EETS } (14)

Here \g = Vggo and \py = Vpgp. The equation for the
chemical potential has the form

n=n.tn,+2n,= i,vz, {eretCrad HX M HCX+2¢X™,
ko
where n is the given electron concentration. In an
alloyed metal, or in an intermetallic compound with a
complicated unit cell, the quantity n may not be an in-
teger. Correspondingly, the Fermi level will lie not at
the middle of the conduction band: u = po = 8y = -6u.

(15)

Equations (13), (14) and (15) form a system from
which the order parameters Ag, A and the chemical
potential o can be obtained in principle as a function of
the interaction constants Ag, A and the temperature
T. The existence of common solutions with nonzero
Ags and A would mean a superconducting state of the
system with dynamic mixing.

4. We now determine under what conditions, imposed
on the parameters \p, As, w, wD and §, does a non-
trivial solution for Ag appear. In this case, we set Ag
= +0 in Egs. (13), (14). For 6u < 2Apy and w = 0 we
find from Eq. (13)

i} (16)

s

Equation (14) takes the form

1 LA S I i
=~ arsheem h + arsh .
Ly sy oy {‘“s 2A.—on oA, Fon } )

As sy — 0, (17) takes on the solution obtained earlier

inl?1;
w 1
g“:?e"p{_ 2xm}'

Comparing (16) and (18), we see that in the limit 5y
— 0, the condition

(18)

T (19)

is necessary for the compatibility of the system; for
finite Ay, this relation is satisfied only for finite rg
i.e., there is a threshold in the interaction constant.
The condition (19) means the necessity of a strong at-
traction for the formation of Cooper pairs, when the
chemical potential lies within the gap 2A . The condi-
tion (19) can be satisfied also for Ay, — 0 and Ag — 0,
which means the identity of the temperatures ’I‘m and
Ts. We shall not consider this case.

In the other limit 2A, - 64 «< 2Am, Eq. (17) has
the form

w1
= arsh—+2—ar

A 24 (20)

h—— .
27—y

Substituting (16) in (20) we find the desired condition on
the parameters
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1
—-arsh—+—ar h

- ud (mn exp{— 1/7»}), @1)

2 20.—0u

which is satisfied for finite Ay, for as weak an attrac-
tion as is suitable. The condition (21) illustrates the
fact that as §u — 2Ap, the Fermi level falls into the
energy range with a high density of states. It is natural
to expect that the temperature of the superconducting
transition Tg will in this case be much greater than the
temperature Tgg—the critical temperature of the super-
conductor in the absence of mixing.

5. To obtain Tg, we set Ag = +0 in Egs. (13), (14):

__—j —W { [§+6”+V§2+4‘2{1]

VEH4A +E+op e, VEHAA g8
Xt et ou—TEHT == 4
1 j’ de {E:(g) —A* Ve +4A+E+6p
Mmoo (Et0p) (B4+4A7)" E,(§) 4T,

(22)

E_*(g)—A* VE+4A—E—bp

E_(g) 4T, - }

Equations (22) are written for the case w =0 under
the assumption that Ty, > Tg; then Ay differs from
zero for T = Tg. Moreover, we shall assume that the

chemical potential y = —gu is the specified parameter
and not the concrete specification of the electrons n.

The set of Eqs. (22) was solved by means of a high-
speed computer. As the calculations show, there exists
a three-dimensional region G in the space of the parame-
ters Xo, Am, 6u inside which the system is compatible.
For the intersections of G with the planes su = const,
the character of the phase transition on the boundary
curve will be different for different gsu: for su =0, it
is a first order transition (see (19)), for 6y =2Am, 2
second order (see (20)), and for §u < 2A , first order
close to a second order transition (intermediate case).
Figure 1 shows the section of the region G with su
< 2Am for which Tg/Tgg reaches a maximum (see
Fig. 2); here 2 maximum of Tg/Ts0 on the plane Ag,
Am is achieved on the line AL (Tgq is determined
from (22) for A = 0 and coincides with the BCS formula
only for su = 0). It should be noted that for su = 0, the
existence of compatible solutions is accidental in this
sense that there is only one line (see (19)) on the plane
As, Am Wwhile for su = 0, there is an entire region.

Some of the solutions of the system for different
As, Am, and §u are given in the table, from which it is
seen that the maximal ratio Tg/Tgg is greater than 40
and the maximal Tg is equal to 30°K. The considered
region of values of the constants Ag and Ap, is entirely

real, since, for example, for superconductors, 1g lies
in the interval 0.18 (Zn, Al) to 0.39 (Pb),[**] while the

mixing constant Ay, according to'?); is in the range 0.1
Xm < 0.2.

All the obtained solutions of Tg/Tg( have sharp

maxima in the parameter (2A, = 6)/2Amo for 2A 1y

- 5 < 0 (Fig. 2). This result shows that the maximum
amplification of Tg/Tgo takes place when the Fermi
level lies in the range of forbidden values of energy with
an increased density of states. Upon further increase

of su, the Fermi level gets into a region far from w,
where the mixing no longer adds to the density of states.

The condition of applicability of Eqs. (22) Ts < Tm
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FIG. 1. Region of points (A, App) (shaded) allowing compatible
solution of the set of equations (22) for wp/W = 0.03.

FIG. 2. Dependence of Ts/Ts0 on (2Am — 84)/2AmQ for Ag = 0.331,
Am = 0.153 and wp/W = 0.03. '

Some solutions of the set of equations (22) for the points (Ag, Am)
lying on the curve AB

A -, 5, K Tgp K T,, K A, K TgiTyg
0.204 0.116 0.2 0.08 2 0.44 25
0.232 0.122 11 1,2 3 2.3 2,5
0.257 0.132 0.9 1.5 5.7 3.5 3.8
0.264 0.134 0.2 021 6.5 4 309
0.331 0.153 0.45 0.4 16.5 2.6 41.2
0.331 0.153 0.2 0.7 16.5 2.6 23.6
0.398 0.166 10 4 24 10 6
0.403 0.168 13.5 12 22 6 1.8
0.438 0473 13.9 6 30 8 5
0.444 0473 13.5 4 30 15 7.5

is satisfied for all the solutions obtained: thus, if we
‘‘come down’’ from the high temperature region, then a
succession of transitions takes place: metal—‘‘reduced
metal’’—superconductor.

6. We have assumed the level to be infinitesimally
narrow; if it diffuses into a narrow band of width T,
then, so long as I" < 2A ), nothing changes qualitatively;
only the indirect forbidden band narrows (in the case of
identical signs of the effective masses of the broad and
narrow bands in the region of their overlap). Even for
I' > 2Am the basic conclusion on the increase in
Tg/Ts0 remains in force, since the peak in the density
of states remains, although the indirect forbidden band
vanishes.

We also note that the increase in Tg/Tgq will take
place in the case in which the mixing will not be dy-
namic (many-particle), but the usual single-particle
hybridization.l"!

The considered model applies to compounds of transi-
tion or rare-earth metals, in which the localized level
lies near the Fermi level. The necessary closeness can
be achieved by alloying. Evidently such a situation
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exists in the layered compounds MexMoSz,'!! where
Me is an alkali metal. For x = 0.3—0.4, the value of
Tg increases to 6.3°K from 1.7°K in pure MoS..

In addition, our model can po#sibly be applicable to
intermetallic components with a complicated unit cell,
for example, with the structure g — W, about which it
is known that near the Fermi level, at a distance
~0.01 eV, a narrow peak is found in the density of
states.['®] This peak is usually explained by the quasi-
one-dimensional motion of the electrons connected with
the specific symmetry of the structure g — W; Account
of the band structure of these compounds,[**! carried
out with account of the lattice symmetry and with ac-
count of single-particle hybridization, confirms the
presence of a peak in the density of states, but the value
of the density of states inl'*! was obtained almost an
order of magnitude less than the experimental value.
Possibly the dynamic mixing considered above also
leads to such a large density of states.

In conclusion, the authors thank V. A. Borisyuk,
G. M. Zaslavskii, I. S. Sandalov for discussion of the
results and useful observations, and A. P. Doroshenko
for help in the numerical calculations.
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