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We study the Anderson lattice with a weak hopping amplitude ¢ and gener-
alized electron interactions. The interactions between f electrons, between
f and conduction electrons and between conduction electrons are taken into
account. An effective Hamiltonian in a second order perturbation in ¢ is
derived. Using this Hamiltonian, we study superconductivity. Singlet d-like
superconductivity may occur in presence of the above interactions. In some
cases the interactions lead to suppressing superconductivity.

PACS numbers: 74.20.-z

1. Introduction

The purely electronic mechanism of superconductivity is an attractive prob-
lem. Bastide and Lacroix [1, 2] have given a convincing proof of the possibility
of this mechanism in the Anderson lattice model with a weak hopping parameter
t. In this work the authors have only taken into account the infinite interaction
between f electrons. However, in fact the interactions between conduction elec-
trons and between conduction and f electrons may be strong in comparison with
other parameters of the problem. In this situation, it is desirable to consider all
the parameters while resolving the problem.

We consider the Anderson lattice Hamiltonian of the form:
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H= Eoz f fio + VZ(C;l:yfia + fheio) + Uy Znﬁt"ﬁl
+U. chz'ncu + ch an:nc: - ch Z: fwfm’cw'cw + thchV 1)

ioo! ijo

Here, besides the quantities appearing in Ref: [1] we have introduced new
parameters: U, — the interaction between conduction electrons, Uy, — the classic
repulsion between conduction and f electrons and Jy. — the parameter of the
f-c exchange interaction. The expression of H can be derived, for example from
Ref. [3], for a lattice with a non-degenerated f-orbital and a non-degenerated
c-orbital on each site. As in Ref. [1] Uy is taken to be infinite. In Sec. 2 we will
find the atomic eigenstates. In Sec. 3 we will use these states to construct an
effective Hamiltonian. Basing on this Hamiltonian we will study the possibility of
superconductivity in Sec. 4.

2. The atomic states

There are two one-electron states |Ac) with lower energy E4 and |Bo) with
hlgher energy Ep, for each spin o. These states and their energies remain the same
as in [1]. For a site with two electrons there are two smglets and a triplet. The
form of these states is the same as in {1] but the expressions for cos ¢ and sin ¢ in
[1] must be replaced respectively by :

cos<p=..1__{1_ Ey+Use +Jje —Ue }1/2
V2 [(Eo + Uje + Jgc — U.)? + 8V2]1/2 ]
i{ E0+Uf¢+ch"‘Uc }1/2
V2 [(Eo+ Uye + Jpc — Ue)? + 8V2]1/2

The energies of the singlets and the triplet are respectively
Es, 5, = {Eo +Use+ Jpe +Ue F[(Bo+ Use + Jpe — U)? + 8V2]1/2} /2,(4)
ET = EO + Ufc -— ch_ : (5)

There is one three-electron state |C'o) for each spin. The expression for the
state is the same as in [1] and its energy is

Ec:Eo-{-Uc-I-QUfC——ch. (6)

(2)

1+ (3)

sinp =

3. Effective Hamiltonian

Using a perturbation technique [1, 4] we can construct an effective Hamilto-
nian which acts on the subspace of degenerated ground states §2. In our approach,
the operator T plays the role of a perturbation. The results depend on the mean
number of electrons per site n. We will consider three possible cases: 0 < n < 1,
l<n<2and2<n<3.
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3.1. The case 0 <n <1

If Uge, Jyc and U, are equal to zero or small, the unperturbed ground state
is a mixture of sites with an electron on the state |Ac) and unoccupied sites. It is
so when

Eg, —2E4 > Iil, (7)
Ep — Esx > Itl’ (8)
E'A—i-E'c—2E51 > ltl; (9)

These conditions are also needed for the validity of the perturbation expan-
sion. They restrict the region of values of Uy, J tec and U;. The cases when the
conditions (7-9) are not satisfied need a further investigation. We will show by nu-
merical calculations that these conditions are satisfied for almost all typical values
of the interaction parameters.

Performing analogous calculations as in [1], we obtain the effective Hamil-
tonlan H = Hy + Hyy + Hop, where H, is the first-order effective Hamiltonian,
Hs,q is the second-order two-site effective IIamlltoman and Hy; is the second-order
three-site effective Hamiltonian. The expression for H; is of the form:

Hl—tlza,aaga+Uznn]nz1> ) (10)

ijo

where ¢; = tsin? 6, a;"a is the operator which creates an electron in the state |Ao)
onsite i: af; |i0) = |iAo) and n;; = a} a;,. Here-we have introduced the parameter
U = oo to restrict our system to the subspace £2. The expressions for Hy, and Hgp
are

N I

H2a=%zn,~nj—-2-25,~sj, , (11)
i )

Hy=ty aha,+g' Y ahaeni —I'Y Sq-S8;. (12)
ijlo ijlo ijl '

Here ¢ and j as well as j and [ are nearest- nelghbours, ng =3, awa,,,, S; is

the spin operator: S7 = (a Lai; — a; a,l)/2 S+ = a; ;“'1’ S; = a;ta,, and the
operator S is defined as: S (a”azl a; a;l)/2 S, = a Laiy Sq = a ai; - The

parameters in the expressions for Hoq and sz are

4¢%sin? § 4
I = —E—f_lnw'(slnwslng'k %)2
4t%sin? 0 sinpcosf., = 2t2sin?f cos?d
—— : 13
Fs, — 2, (cospsinf — 73 ) Fp =25, - (13)

t2sin2 0 cos? 0(Uy. — Jyec)

: 14
[E2 + 4V22[U;, — J; + (EZ + 4V2)177] (14)

g=I/4+
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t2 cos? fsin? 0
ST TR B - ®
9 =g/2, (16)
I'=1I/2. (17)

3.2. The casel < n < 2

If the conditions (7-9) are satisfied in the ground state electrons occupy the
states |Ao) and |S}). The form of the effective Hamiltonian remains the same
as above if we introduce a new operator a}, which creates a particle Ao on a
background of singlets S1: af, [iS1) = |iAc). The state completely filled by singlets
S; on each site now plays the role of vacuum. The parameters of H now have the
form:

t1 = —(t/2)(cos 8 cos ¢ + V2sin @sin )2, (18)

9= 21+ fot o+ fa+3Fs +3F6) = (3/2)fr — fis — fo — 2(fro + fir), (19)

I=2fr—4fs—4fs, (20)
ty = —fa+ f10/2, (21)
9' = fo+(fa+3fs — fs — f10)/2, (22)
I'=2(~fs+ fs - fs), (23)
where
2 cos? psin? @
= , 24
N = e —Ea = Es) (24)
2 . 0>
fa= o (s1n<psm0+ __cosgos )
N
. - cos¢psind
X { —sinpcosf + ———— | , 9
( 1.4 2 ) (25)
_ 12 . sin ¢ cos § 2
f3 = m (cosgos1n9+ 7—)
2
X (simpsinﬂ + %_;—Osﬁ) , (26)
fi= t?(cos psin § — sin  cos 0/v/2)(~ sin g cos 8 + cos @ sin 6/1/2)? (@)

Es,—Es,+ Eg—E, ’
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[ £ cos®6 (sinpsinf + ¢ 0/v2)? | 28
= 08 ¢ cos
ST Y Br—Es) 7 14 » (28)

fo= £* cos” 0 (sinpcosf —c in0/v/2)? 29
6 5(Ep = Ea+ Er — B3 P 0s psin )% (29)

t2sin% 0 cos? @
fr= By —2E, (30)

t2sin?0 . | 2
= -(ES_—2EA)(sm<psm0 + cos p cos §//2)?, (31)
1
_ t%sin?¢
(Es, - 2EA)

_ t2cos?p

°~ (Ec + Ea - 2Es,
_ t2 cos?

'~ (Bc+Ep - 2Es,

s

fo (cos psind — sin ¢ cos 0/\/5)2, (32)

fi ) (sin sin ¢ + cos 8 cos p/V/2)?, (33)

h ) (cos 8sin ¢ — sin 8 cos /v/2)>. (34)

3.9. The case2<n <3

If the conditions (7-9) are satisfied, the ground state is a mixture of sites
with three electrons in the state |Co) and sites with two electrons in the state
|S1). We obtain again the same expressions for the effective Hamiltonian as above
if we introduce a new operator af‘a which creates a particle Co on the background
S1: a}|iS1) = |iCa). The expressions for the parameters now have the form:

2
=08 =, - (35)
9= %(f12+3f13)—2(f10+f11), | (36)
I1=0, ' : (37)
ty = %(f10+f11), : . (38)
g, = 9/47 (39)
I'= %(—flz + f13), (40)

where
_ t2cos? psin®p -
Jiz= “Es, -~ Es, | o (41)
2 cog?
fis Lcos ¢ (42)

T Br-E,
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4. Superconductivity

The effective Hamiltonian derived above can be used to study superconduc-
tivity. For this purpose one first transforms the Hamiltonian to the Bloch repre-
sentation. The terms with ¢; and t; contribute to the kinetic energy. Retaining
only the terms responsible for superconductivity one can reduce the interaction
part Hy —t3 Y at, a1, = G of H; to the BCS extended form [1, 5]:

G..-— Y Veor(k,K)af at) a_p,.ap,. (43)
LL oo’

Among various terms of the expression for G the terms with V ;’ffj(k k) is

responsible for triplet superconductivity and the terms with V3 (k, k') is respon-
sible for singlet superconductivity. Here the index odd and even respectively mean
the odd and even parts with respect to k and k'. V239(k, k') is independent of spin
and can be written as:

Vedd(k k) = 214 Zsin kosinkl,  (48)

where
Vi=g-~1I/4-2(g"-1/4). : (45)

VEyen(k, k') = Vgen(k, k') can be decomposed into two parts responsible for
singlet s-like and singlet d-like superconductivity:

Viver (k, k') = 2V, BB /3 + 2Va(mimwe /2 + ke /6), (46)
where
By = Z cos kq, (47)
o ) .

N = cos kg — cos ky, ' (48)
Cr = cos kg + cosky — 2cosk,, (49)
Vs =g+31/44+10(¢' +3I'/4), (50)
Va=g+3I/4-2(g' +3I'/4). (51)

For the investigation of the possibility of superconductivity we calculate the
_ coupling constants in three channels: V, for the singlet s-like channel, V; for the
singlet d-like channel and V; for the triplet channel.



Superconductivity of the Weak Hopping Anderson Lattice. . . 607

4.1. The case 0 < n < 1

We find
12t2sin? 0 cos? O(Uye — J.)
V,=6I+ Je — e
(B + 4VHI2[U;, = Jje + (B2 + AVHTZ] (52)
Va=0, | (53)
Vi = 0. ' (54)

The detail investigation of V; shows that it may be negative. The interactions
of large value may lead to V; > 0 and suppress superconductivity. For example,
Vi = 3t2/2V > 0 for Eo = Jg. = 0, U, > V and Uy, > V, at the same time
Vs = =2Tt2/2V < 0 for Eq = Jy. = U, = Uy, = 0. We note that V, > 0 is a
sufficient condition for the absence of singlet s-like superconductivity, at the same
time V; < 0 is a necessary but not sufficient condition for the presence of this
superconductivity because this superconductivity is also sensitive to the on-site
repulsion [1]. So if V; < 0 one still cannot conclude definitely that singlet s-like
superconductivity is present. Because of this ambiguity we will not investigate the
s-like superconductivity in the following. -

4.2. The case 1 <n <2
Some interesting informations can be obtained when studying the limit cases
Eo/V « -1, Eg/V =0 and Eo/V > 1.

4.2.1. The case Ey/V € -1, 1<n<2
On the assumption that |Eo| > U, Uy, |Jsc| we obtain

t2 .
~— 0, 995
Va® ~ 03— 7.~ V2] Fo) - (55)
t? 1 1
ol _ 0. 56
Vr G Vs, T R0 (56)

Here we have used the conditions (7-9). Because V5 < 0, superconductivity
may occur in the singlet d-like channel [1]. The infinite on-site repulsion does not
affect the existence of this superconductivity because the pairing occurs only for
particles on neighbouring sites. We note that the absolute value of Vj is reduced
in the presence of the interactions.

4.2.2. The case Ex/V =0, 1<n<?2

If Use = Jse = Ue = 0 we obtain the results of Ref. [1]. The small values
of Use, Jye and U, may change a little the quantities Vg and V; but the main
conclusions of Ref. [1] remain. Because of this we concentrate on the cases of large
values of the interaction parameters. In fact, among Uy, Js. and U, Jj. is the
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smallest and Uy, is the largest. We will study the case of very large value of Uy.:
Ufc > Uc; ']fc; V:t~
Using this condition and the conditions (7-9) we obtain

t2(2ch + UC)

Virn Vir
4T S0 (Use — Ue)

> 0. : (57)

4.2.3. The case Eg/V >1, 1<n<2

If Eo/Use > 1, Eo/U, > 1 and Eof|Jse| > 1 the conditions (7-9) are
satisfied automatically. The coupling constants are small, Vz = 0(t2/Eo) and V; =

0(¢?/ Eo).

4.8. The case 2 <n <3

4.8.1. The case Eo/V € -1, 2<n<3

In this case the values of Vg, V; are the same as in the case 1 < n < 2,
Eo/V « —-1.

~4.3.2. The case Eg/V =0, 2<n<3

Use > U, Jge, Vo t, the coupling constants are small, Vg = 0(t2/U;.) and

4.3.8. The case Eo/V > 1, 2<n<3

As in [1] the coupling constants are small, Vz = 0(t2V2/E}) and V; =
0(t2V2/E3).

4.4. Numerical calculations

As an illustration we calculate V3 and V; for several values of the interac-
tion parameters. We assume that the model describes superconductivity in some
heavy-fermion rare-earth and actinide systems. From [6] we have some orientation
values of the parameters of a rare-earth system: Uy &~ 100 eV, U, & 2 eV, Jy. =
—0.2+02eV, Eg &% —2.5 eV, V & 0.15 + 0.55 eV. The parameter { may vary
in a large extent, so we will not take a concrete value of ¢ but express the final
rsults in t suggesting it is sufficiently small. The value of Uy, is not given in [6]
but from the physical consideration Uy, seems to be large than U.. The results
of calculations of Vg for Jye = 0, U = 0 %2 eV, Uy = 0+ 8 eV are listed in
Table I (for 1 < n < 2) and Table II (for 2 < n < 3). The dependence of V3 on
Jyc is illustrated in Table III, where we have taken for U, and Uy, small values
(U:. =1 eV and Uy, = 2 V) to guarantee superconductivity. In these tables the
values of Uy, Ey and V are equal to oo, —2.5 eV and 0.4 eV, respectively. For
all values used in Tables I, II III conditions (7-9) are satisfied. We note that in
Table III we have taken for Jy. a small value when J;. > 0. For a large positive
value of J;. conditions (7-9) may be not satisfied. For example J;c = 0.1 eV (and
Us=1eV,Uspe =26V, Eg=-25¢V,V =04 ¢eV) we have Er — Es, <0.
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TABLE I
Va/t? [eV-1forl <n < 2.
Ufc [eV]
U. [eV] 0 2 4 8
0 —2.680 | -0.255 { 0.761 | 0.455
1 —0.437 | —0.310 | 0.686 | 0.514
2 —-0.233 | —0.214 | 0.125 | 0.588
TABLE II
Va/t? [eV-! for 2 < n < 3.
Uye [eV]
U, [eV] v 2 4 8
0 2.681 | —0.340 1 0.030 | 0.001
1 —0.440 | —0.308 | 0.107 | 0.002
2 —0.237 | —0.211 | 0.025 | 0.004
TABLE III

Dependence of V/t? on Jy..

Jre [eV] | Va/t2 [eV-1]for1<n< 2| Vy/t? [eV-]for2<n <3
-0.2 ' —0.255 -0.217
-0.1 -0.260 —0.254

0 —0.310 —0.308

0.05 —0.344 —0.344

As it can be seen from Tables I and II, singlet d-like superconductivity is
still possible for small values of the interaction parameters, but the absolute value
of Vy is reduced by the interactions U, and Uy.. For large values of U, and Uy,
(with Uye > U.) Vg is positive and this superconductivity is suppressed. From
Table III we see that this superconductivity is more favourable for J;. > 0 than
for J;. < 0. We remind that J;. > 0 (< 0) corresponds to the ferromagnetic
(antiferromagnetic) f-c exchange. It can be seen if we express the term with Jy.
in expression (1) in the form:

J
—2Jf¢25ﬁ - Sei — —é—cZnﬁnci.
i i

We have also calculated V; for the above values of the parameters. We obtain
V; > 0 and triplet superconductivity is absent.

5. Conclusions

We have investigated the weak-hopping Anderson lattice with generalized
electron interactions. In the absence of the interactions our results agree with the
results of Ref. [1]. We find that singlet d-like superconductivity is possible in some
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cases. The absolute value of Vj is reduced by the interactions U. and Uj.. The
large interactions U, and Us.(Us. > U.) lead to positive values of V4 and suppress
superconductivity. Singlet d-like superconductivity is more favourable for J;. > 0
than for Jy. < 0. Triplet superconductivity has not been found.
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