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We search for marginal Fermi-liquid behavior in the two-band Hubbard model with one narrow
band. We consider the limit of low electron densities in the bands and strong intraband and inter-
band Hubbard interactions. We analyze the influence of electron-polaron effects and other
mechanisms for mass-enhancement (related to the momentum dependence of the self-energies)
on the effective mass and scattering times of light and heavy components in the clean case
(electron-electron scattering and no impurities). We find a tendency towards phase separation
(towards negative partial compressibility of heavy particles) in the 3D case with a large mis-
match between the densities of heavy and light bands in the strong coupling limit. We also find
that for low temperatures and equal densities, the resistivity in a homogeneous state R(T) T2
behaves as a Fermi-liquid in bot? 3D and 2D. For temperatures greater than the effective band-
width for heavy electrons 7> W, , the coherence of the heavy component breaks down com-
pletely. The heavy particles move diffusively in the surrounding light particles. At the same time,
light particles scatter on heavy particles as if on immobile (static) impurities. Under these condi-
tions, the heavy component is*marginal, while the light component is not. The resistivity ap-
proaches saturation for 7> W), in the 3D case. In 2D the resistivity has a maximum and a local-
ization tail owing to weak-localization corrections of the Altshuler-Aronov type. This behavior of

resistivity in 3D could be relevant for some uranium-based heavy-fermion compounds such as
UNi,Al; and in 2D, for some other mixed-valence compounds, possibly including layered man-
ganites. We also consider briefly the superconductive (SC) instability in this model. The leading
instability tends to p-wave pairing and is governed by an enhanced Kohn—Luttinger mechanism
for SC at low electron densities. The critical temperature corresponds to the pairing of heavy
electrons via polarization of the light electrons in 2D. © 2011 American Institute of Physics.

[doi:10.1063/1.3552118]

I. INTRODUCTION

The physics of uranium-based heavy-fermion com-
pounds and the origin of a heavy mass m: ~200m, in them
may be very different (see') from the physics of cerium-
based heavy-fermions, where the Kondo-effect is
dominant.>* The essential point is that uranium-based heavy
fermions are usually in the mixed valence limit* with strong
hybridization between heavy and light components. On the
level of two-particle hybridization, the interband Hubbard
interaction leads to an additional enhancement of the heavy
electrons” mass owing to the electron-polaron effect (EPE).
Physically EPE is connected with a nonadiabatic part of the
many-body wave function describing a heavy electron and a
cloud of virtual electron-hole pairs of light electrons. These
pairs are mixed with the wave function of the heavy elec-
trons but do not follow it when a heavy electron tunnels from
one elementary cell to a neighboring one. In the unitary limit
of the strong Hubbard interaction between heavy and light
electrons' the effective heavy mass could reach m: /m

1063-777X/2011/37(1)/14/$32.00
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~ (my/m)). If we start with a ratio m,/m;~ 10 of the bare
masses of heavy and light electrons, on the level of local-
density approximation (LPA), for example, we could finish
with an effective value my ~ 100m,, which is typical for ura-
nium based heavy-fermion compounds.

This kind of effect could also be described in terms of
strong one-particle hybridization between heavy and light
bands.'

A natural question arises: is the two-band Hubbard
model with one narrow band just a simple toy-model for
observing non-Fermi-liquid behavior and, in particular, the
well known marginal Fermi-liquid behavior?’ Recall that in
the theory of marginal Fermi-liquids (MFL) the quasiparti-
cles are strongly damped (Im e ~Re & ~ 7). Strong damping
yoe T of the quasiparticles (instead of a standard damping for
Landau Fermi-liquid picture y«T?/gg) could explain5 a
number of observations in HTSC compounds, including a
linear resistivity R(T)«T for T>T, at optimal doping con-

© 2011 American Institute of Physics
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centrations. The MFL picture was also proposed to describe
the properties of UPt; doped with Pd, including its specific
heat.®

Here we evaluate the damping and transport times for
heavy and light electrons. We verify these times and find that
at low temperatures 7'<< Wh, the effective bandwidth for
heavy electrons and equal densities of heavy and light bands
in a homogeneous state, we have the standard behavior of a
Landau Fermi-liquid with resistivity R(T) « T2 for the case of
electron-electron scatterlng in both 3D and 2D. For higher
temperatures 7> Wh (Wh ~50 K for mh ~200m,) the heavy
band is totally destroyed and the heavy particles move diffu-
sively in the surrounding of light particles while the light
particles scatter on the heavy ones as if on immobile (static)
impurities. For these temperatures the heavy component is
marginal, while the light component is not. We try to make a
light component marginal by considering weak localization
corrections of Altshuler-Aronov type7 for the scattering time
of light electrons. We do not get marginal behavior of light
component, but we get some very interesting anomalous re-
51st1v1ty characteristics, especially in the 2D case, where for
T~ Wh the resistivity has a maximum and a localization tail
at higher temperatures In 3D the resistivity approaches
saturation as 7> Wh Resistivity characteristics of this sort
could possibly describe some 3D uranium-based heavy-
fermion compounds such as UNi,Al; and some other mixed-
valence systems. In 2D the resistivity behavior may have
some relation to layered manganites where we deal with two
degenerate (e,) conducting orbitals (bands) of d-electrons of
Mn. However, for manganites an alternative explanation is
possible:9 the resistivity is governed by electron tunneling
from one metallic FM polaron to a neighboring one via an
insulating AFM or PM barrier in a nanoscale phase separa-
tion regime for the electronic subsystem. It will be interest-
ing to compare these two mechanisms for resistivity in lay-
ered manganites more accurately.

We also consider mechanisms of heavy-mass enhance-
ment other than EPE and find a very pronounced effect in 3D
connected with the momentum dependence of the self-
energy of heavy electrons owing to the "heavy-light” interac-
tion. In a strong coupling limit this effect could provide even
larger ratios of m, /m,, than EPE. It leads to a negative com-
pressibility for the heavy particles and thus reveals a ten-
dency towards phase-separation or at least charge redistribu-
tion between the bands with a large density mismatch n,,
>n,, in qualitative agreement with the results of Ref. 10.

In the final section of this paper we study the leading SC
instability which develops in the 2D two-band model. The
leading instability at low density is triplet p-wave pairing.
This describes the pairing of heavy electrons via polarization
of light electrons' "% in the framework of an enhanced
Kohn—Luttinger13 mechanism for SC and provides rather re-
alistic critical temperatures in the 2D or layered case, espe-
cially when the geometrically separated bands belonging to
neighboring layers.

Il. THE TWO-BAND HUBBARD MODEL WITH ONE NARROW
BAND

The Hamiltonian for the two-band Hubbard model is
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FIG. 1. The band structure in the two-band model with one narrow band. W),
and W, are the bandwidths of heavy and light electrons, &, and &p; are the
Fermi energies, A is the energy difference between the bottoms of the heavy
and light bands, and u is chemical potential.
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where U, and U are intraband Hubbard interactions for
heavy and light electrons respectively, Uy, is the interband
Hubbard interaction between heavy and light electrons, #,
and ¢, are the transfer integrals for heavy and light electrons,
nj,=a a;, and nj=b; b, are the densities of heavy and light
electrons on site i with spin-projection o, u is the chemical
potential, and A is the difference between the bottoms of the
bands. Taking the Fourier transform, we get

A =3 ey(p)aystpe+ 2 (pbhgbya
po

po

+ +
+ U 2 @105 g @y

rr'q
.
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where
D
enp) =—21,2 cos(p,d) — &g p.
a=1
D
elp)==21,2, cos(p,d) - p
a=1

are the quasiparticle energies for heavy and light bands in
D-dimensions for the hypercubic lattice (see Fig. 1), and p,
={p,.py, ...} are Cartesian projections of the momentum.
For low densities of heavy and light components such that
nd®=(nj,+n;)d° < 1, the quasiparticle spectra are

w
en(p) =-— 7’1 +1,(p?d) — &9 — p;



Low Temp. Phys. 37 (1), January 2011

h h  h  h h o h h
_ Ty, . = Uy, + %hé _ Ty, .
h h h h b h h
L L / [ 1 L
_ Ty, - = Uy, + Uyé _ Ty -~
h h h h b h h
I L1 / [ 1 I
N Ty = Uy + Uﬂ ; - Ty -
/ / / / [ / /

FIG. 2. The T-matrices T}, Ty, and T}, for the two-band model with heavy
(h) and light (/) electrons.

W
=- '+ () - p, 3)

&/p) >

where W,=4D,, and W;=4D,; are the bandwidths of heavy
and light electrons for a D-dimensional hypercubic lattice,
and d is the intersite distance. On introducing the bare
masses of the heavy and light components,

1 1

my=""7>; mM=_T"">F 4
"ond® N 2ud @
and the Fermi energies
2
Prn Wi Wi
=——=—"+u+¢&), Ep="—T"+UM, 5
Fh 2m, 2 M€y FI= 5 I (5)
we get the quasiparticle spectra for 7— 0
2 P
ep)=7—-em: &lp)=__—¢p (6)
2 h 2ml

In deriving Egs. (4)—(6) we implicitly assume that the differ-
ence between the bottom of the bands, A, in Fig. 1 is not too
large, so a parabolic approximation for the spectra of both
bands is still valid.

Note that there is no one-particle hybridization in the
hamiltonians (1), (2)n but there is a strong two-particle hy-
bridization

U
Wl
25

We assume that m;,> ml, so that
Wh/Wl=m,/mh < 1 (7)

We also assume that U,,~ U;~ U, >W,>W,, ie., strong
coupling (U, is large because in reality light particles expe-
rience strong scattering on the heavy ones as if on a qua-
siresonance level). Finally we consider the simplest case
where the densities of the bands are of the same order: n,
~n, (note that in 3D, n=pF?3/3 72, while in 2D n=pF?/21).

lll. THE KANAMORI T-MATRIX APPROXIMATION

According to renormalization scheme of Kanamori, for
low electron density (practically empty lattice) the strong
Hubbard interactions'® should be replaced by the corre-
sponding vacuum T-matrices (see Fig. 2).
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In the 3D case the solution of the corresponding Bethe-
Salpeter integral equations in vacuum yields for T-matrices,

T _ Upd® _ Upd®

M Upd®KY(0,0) 1 Y ’

87Tth
Uyd® Uyd®
Ty=—2—; Ty=—2 (8)
1+ Uhl 1 + 87Tf]
SWIZI
where

Kvac 0 0) f m_

hh (2 )3 2

is a Cooper loop for heavy particles in vacuum (the product
of two vacuum Green functions of heavy particles in a Coo-
per channel for total frequency and total momentum equal to
zero),

for m,>m,; is an effective mass for the T-matrix T}, (for
scattermg of light electrons on heavy electrons) and accord-
ingly th1~t, is an effective transfer integral; Ud> plays the
role of a zeroth order Fourier component in 3D. As a result
for Uy~ Uy~ Uy>W;>W,

Thh = 87Tthd3, Thl = Tll = 87Ttld3. (9)

The s-wave scattering length for the Hubbard model'" is
defined as a=mT/(4m)=T/(8mtd?), so that

ay,=ay=ay=d (10)

for strong coupling.
Hence the Galitskii gas parameter fo=2apy/ 731 for
equal densities of heavy and light bands, n;=n;, is

fo=(fh="2dpp/m) = (fy=2dpp,/m) = 2dps/ . (11)

(It is convenient to include the factor 2/ 4 in the definition of
the gas-parameter in 3D.) In the 2D case, for strong Hubbard
interactions and low densities, with logarithmic accuracy the
vacuum 7-matrices for n,=nh“’12 are

_— Uy d? ~ Uyd* '
hh = U ua gp?\ Uy, 1\
1+ — I+ —In—5—
8t Jz 2 8t 2
hJ py p h PFr
T = Uyd® . Upd”
un= U, R 1\
(1 +—In —5— ) (1 +—"In 3 2)
87Ttl de 87Tf[ d

(12)

where Ud? plays the role of a zeroth order Fourier compo-
nent for the Hubbard potential in 2D. Thus, for strong cou-
pling the 2D gas parameter of Bloom'” for equal densities
n;=n; becomes

1

Jo=Jfou=fon= m~

(13)
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FIG. 3. The T-matrix approximation for the self-energies of a heavy par-
ticle. T}, and T}, are the full T-matrices in the material. The diagrams for 3,
are analogous.

IV. EVALUATING THE SELF-ENERGIES OF HEAVY AND
LIGHT BANDS

Let us evaluate the imaginary part of the self-energies
Im 2 in a two-band Hubbard model for the clean case (no
impurities) and including only electron-electron scattering. It
is important for evaluating the scattering times for heavy and
light electrons and further calculation of the resistivity R(T).
In the two-band model (see Fig. 3)

2=+ 2y and X =343, (14)

The full 7-matrices which appear in the diagrams for %
in Fig. 3 are

Upd®
1= Uy Ki(Q.p)’

Tj(Q,p) = (15)

in the 3D case, where

dD ’
2m)’Q

1- ni(sp’ﬂ;) - ng(s—p’)
—&,(p" +p)—&,(=p') —e(=p') +io
(16)

Ky(€2,p) = f

is a Cooper loop in the material (a product of the two Green
functions in the Cooper channel), nf (e) is the Fermi-Dirac
distribution function for heavy particles, and analogously for
the full T-matrices 7},;, Ty, and T} and the Cooper loops K},
K Ih and K 1

If we expand the 7T-matrix for the heavy particles in the
first two orders in the gas parameter, than according to
Galitskii'”

we get
4 4
T, (Q.p) = - + ( Wah) (K — Ky
my mpy
4 3 ,
+0{( ”"h> (K — K 2}, (17)
mpy
where
477ah - Uhhd3 (18)

my, 1- UhhdSKZZC

and coincides with Kanamori approximation for the vacuum
T-matrix,

v &p'/2m)}
K (.p) = J (' +p? +p)2 p’?
m, 2m,

is the Cooper loop in vacuum (rigorously speaking the scat-
tering length is defined via K};°(0,0) but the difference be-
tween K;;°(),p) and K;;°(0,0) is proportional to the gas-

parameter a,pp;, and is small). K, in Eq. (17) is the full
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Cooper loop (cooperon) in heavy particles given by Eq. (16).
For low densities and energies close to £, we can show that
the terms which we neglect in 7}, are small relative to the
gas parameter

41a,,

(K = Kiy) ~ apppy,.-

mpy

The self-energy of the heavy particles 2, to second or-
der in the gas-parameter is given by

S(p) = 2 Tk +p)Gilk) = 4”;”’2 Gk
k my

d7a, \?
- ( - h) > (K= K32 G (k) + o(amp i)’
h k

(19)

The first term turns out to be (4mwah/m;)n,. It is just the
Hartree—Fock contribution. For the second term we can make
an analytic continuation iw, — w+io for the boson propaga-
tor K, and the fermion propagator G,. As a result (noting

that Im K,;°=0), for the imaginary part of Ehh, we get

a
= h) 2 Im K, (s +2.k+p)
ny k

Im 3{2(e,p) = (

4 2
X[na(oi+ o) + nyle,)] = - ( Zh”)

I’k [ &p’
em?* ) 2w’
+k) - n,f(— p)1ng(e; + &) +np(ey)]
X 8+ e,(k) —g,(p" +p+Kk)
—,(-=p") (20)

and, analogously, for the real part of 32

[1-ny(p' +p

s WE have

Re 32(e,p) = (m >E[Re1<hh(gk+g,k+p)
h k

—-Re K} (e, + £,k +p)]
X[np(er+ &) + np(ey)], (21)
where for the real part of the Cooper loop in vacuum
Re K} (e, + &,k +p)

d% ! 2mh
2m)? k2+p (p'+k+p)-p

(22)

12

is calculated at the resonance )=g;+¢,, (or for e=¢,), and P
denotes the principal value. In Egs. (20) and (21)
1

and np(Q)= T

1
ng(Q)=—w-—
B( ) eQ/T_
are the Bose and Fermi distribution functions and, corre-
spondingly,
(e +¢€)

Tor hzT} (23)

The real part of the Cooper-loop in matter made up of
heavy particles is

nglep+ &)+ np(ey) = 2 [cth
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FIG. 4. An exchange-type diagram for the self-energy X}, which contains
the matrix element a:;a;agac, and, thus, is absent in the Hubbard model.

Re Khh(sk + S,k + p)

d°p’ n,(-p’)
2m’e+ en(k) —g,(p' +p+Kk) —g,(-p')’

1-nl(p' +p+k) -

The analytic continuation for E( i, in the 2D case is similar to
the 3D case.

Note that for ()/T>1 the Bose distribution function
ng(Q))—0 and the Fermi distribution function ng()
— (), a step-function. Hence, as T— 0, Im X, and Re 3,
acquire the standard forms.'>'®"® In fact, for low tempera-
tures 7T<<W,<W,, the most convenient way is to evaluate
Im th)(s) as T—>0 thereby obtaining the standard Fermi-
liquid result Im 2 ~ &2 and then take the temperature aver-
age over the corresponding Fermi distribution function
ng(g). Thus, e~T over the lifetimes (or, as we show later,
over the scattering times) of the quasiparticles. Evaluating
S 20 and 2, at low temperatures in the first two orders in
the gas-parameter is similar to the evaluating 3, in both the
3D and 2D cases.

At higher temperatures, however, we should note that
ng(Q) —T/Q for T>(). The Fermi distribution function is

Washed” out at these temperatures. Accordingly ng(2)
(1 Q/2T). These approximations are 1mportant for cal-
culatrng Im 3 at higher temperatures 7> Wh

Note that, in contrast with the model of a slightly non-
ideal Fermi gas,15’16’18 the Hubbard model does not contain
an exchange-type diagram for 3, (Fig. 4) since the T-matrix
in this diagram corresponds to incoming and outgoing heavy
particles with the same spin-projection a’a}a,a, while the
Hubbard model contains only the matrix elements a}’afa 1ag.

Note also that when we expand the 7-matrix to second
order in the gas parameter, we implicitly assume that the
T-matrix itself does not have a simple pole-structure of the
type typical of a boson propagator. This is a case for partially
filled band, i.e., nth <1, and a low energy sector where
0<e<W,<U,, We effectively neglect the lattice in this
expansion.

Including the lattice, however, produces two poles for
the full (unexpanded) T-matrix of the heavy particles in (15).
The first is related to the so-called antibound state predicted
by Anderson”” and corresponds to large positive energy &

~U, The second pole, found by Engelbrecht and
Randeria,”’ corresponds to a negative energy and, in 2D,
yields
e, W,
8=—28Fh——(1—2nh) 1-— . (24)
Wi Unn
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It describes the bound state of two holes below the bot-
tom of the heavy band (e <-2gy;,). Thus, it has a zero imagi-
nary part and does not contribute to Im 7. (This mode pro-
duces non-analytical corrections to Re ., ~ &[> in 2D). We
can neglect both these contributions to the self-energy when
calculating the effective masses and lifetimes below. A more
rigorous approach to the generalization of Galitskii’s results
for the self—energy15 to the case of finite temperatures (which
is important for kinetic applications) will be discussed in a
later paper.

V. ELECTRON-POLARON EFFECT AND OTHER
MECHANISMS FOR HEAVY MASS-ENHANCEMENT. THE
TENDENCY TOWARDS PHASE-SEPARATION

The Green-functions for heavy and light electrons for
T—0 are

Gy w,q) =
' = e)(q) - 24(w.q)
Z,
~ —— ——; and analogously G,(w,q)
w—¢g,(q) +io
Z
~—, (25)
w-¢g +io
where
2 2_ .2
q9-p * q9-p
en@)="—" and &(q)=" <" (26)
ny, ny
are renormalized quasiparticle spectra, and
( JRe 222)(a),q) )
=\ 1= = | om0 |}
dw
4—PFn
JdRe 252)(w,q)
z'=(1- ———— 27
! ( dw @=0 27)
q4—PF

are the Z-factors for heavy and light electrons. Substituting
the leading contribution from Re 2;121)(w,q) to Re E?(w,q)
in Eq. (27) yields

dD ’

i &Rez(z)(a) q) (47Tahl) ff
wlfrl) dw my, (2m)P (27T)D

4—=PFh
[1-n/(p'+p) =) (—=p")In (p—q)
[ep—q) —&(p’ +p)—&,(-p")]
where ng(Q)) —0 and nx(Q) is a step-function for Q/T>1;
ap=d is related to the vacuum T-matrix 7j; and, my =
~ml. Replacing
de de/
2mP 2m)P
by N%(O)ds,(p)dsl(p’) in Eq. (28) (where N,(0) is the density
of states for light particles), and noting that &, (p—q) <O,
while g, (p’ +p) >0, we can easily check that for m;,>m;, (or

equivalently for ep>ep;,) this expression contains a large
logarithm. Thus the Z-factor for the heavy particles becomes

(28)
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Z' ~1+221n 2, (29)
m

where fo=2pgd/ is the gas parameter in 3D and, equiva-
lently, fo=1/[2 ln(l /prid)] in 2D. Note that the contribution
to Z, from Re s i, does not contain a large logarithm. Thus,
for the effective mass of a heavy particle in Eq. (25)'%18 w
obtain

m ( IRe 32 (e,(q),q)
=7,
den(q)

mh

) . (30)
3;,(‘1)4’0

Thus, as usual, the Z-factor enhances the heavy-mass,
with

ﬂ~z;1~<1+2f§1nﬂ). 31)
my, m;

The analogous calculations for Z, with Re 2, and Re 3,
yields only m, ' m~Z'~(1+f3). If the parameter
2f(2, In(my,/m;)>1, then we are in the situation of strong
electron-polaron effect. In this range of parameters, to get a
correct polaron exponent diagrammatically, we should sum
up the so-called maximally crossed diagrams for Re X, The
exponent could be evaluated, however, by a different tech-
nique based on the non-adiabatic part of the many-particle
wave-function' for a heavy particle dressed in a cloud of
electron-hole pairs of light particles. This yields

* bi1-b
Tho = (mh> , (32)
my, my

where b=2 f0 When b= or equivalently for f;= (as for the
coupling constant of the screened Coulomb 1nteracti0n in the
RPA scheme), we are in the so-called unitary limit. In this
limit' the polaron exponent is

b
—=1, 33
- (33)
so that
m; my,
e P 34
" (34)

or equivalently

* 2
@=("ﬂ> . (35)

my m;

Hence, starting with a ratio of the bare masses m,,/m;~ 10
(obtained, for instance, in the LDA approximation), we end
up in the unitary limit with m, ¥/ mil~ 100 (due to many-body
EPE); this is a typical value of this ratio for uranium-based
heavy-fermion (HF) systems.

Note that rigorously speaking (see Eq. (30)) the momen-
tum dependence of Re Ez%)(sh(q),q) is also very important
for the evaluation of the effective mass. Very preliminary
estimates by N. V. Prokof’ev and the author® show that in
the zeroth approximation in m,;/m,, for the 3D case close to
the Fermi-surface (for &,(q)=q>~p7,/2m,—0 and g— pg,)
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4
ReEff,)(sh(q) )~2< Wam) f(z )37711(0 p)n;(p-q),
(36)
where

p' i (eprsy) =i (2,)
11,(0.p) = f(27)3 elp’) - e(p’ +p)’

(37)

is the static polarization operator for light particles. Given
that [p—q| <pp, and taking g = pp, in Eq. (36), we can see
that p—0 and, using the asymptotic form for I1;(0,p) for
small p<<pg; (if the densities of heavy and light bands are
not very different and py;~ pp,), we have

>
)4
s 38
121’12?1} (38)

lim IT,,(0,p) = N,(0) { 1-
p>0

where N,(0)=m;,F;/27 is the 3D density of states for light
electrons. Substituting lim,_, I1,(0,p) from Eq. (38) in Eq.
(36) yields

& = Pin o mu
2mh 9 mn; ’
(39)

Re 25,21)(6‘;1((1),(1) ~Re 22121)(()’th) -

where fy=2dpg,/m is the 3D gas parameter, and n,
= p%h/ 37 and n;= p;l/ 37 are the densities in the heavy and
light bands.

The first term in Eq. (39) gives Re E;lzl)(sh(q),q) on the
Fermi-surface (for ¢,(¢)=0 and g=pg,,)

4f:n 2 p>
Re 2513)(0,17&) ~ ﬁ_hsﬂ(l - _p_[;h) >0 (40)
3, 15 2,

when pg,~ pp.
This is a renormalization of the effective chemical po-

tential of the heavy band to the second order of the gas
parameter owing to the interaction of light and heavy par-
ticles.

Note that'>!®

the renormalized heavy particle spectrum
is

2 - 2
€y (61) (E - MZH) + ;nl(/-”)ahl +Re 2221)(%(‘1),(1)
h I

7 _’i”’, (41)
2my,

where the scattering length a,,~d, the effective chemical
potential ,uszz Mmn+W,/2+¢€ is reckoned from the bottom of
the heavy band, and the Hartree-Fock term (27/m))n,(w)ay,
represents the first-order contnbutlon in terms of the gas pa-
rameter to the self-energy Re 2 . Thus, upon collecting the
terms proportional to &,(q)=¢* th/ 2my,, Eq. (41) yields

22 2
q liphzsh(q){l_ﬁw] (42)

2mh 9 mn;

Correspondingly, the effective mass of a heavy particle is
given by
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my JRe 37 (84(9),q)

=

my, de(q)

(1
£,—0

As a result, we get a much more dramatic enhancement of
mh than with EPE, which yields only mh/mh ~1
—2£2 In(my,/ m)) through the heavy partlcle Z-factor. Note that
the contribution to mh/ my, from Re 3 hh (sh(q) q) owing to
the “heavy-heavy” interaction is small compared to the con-
tribution to In:: from Re 21(121) (which is related to “heavy-
light” interactions) because of the smallness of the ratio of
the bare masses, i.e., ml/m,<<1. Now we can collect the
terms which do not depend upon g,(q) in Eq. (41). Thus, for
the effective chemical potential of heavy electrons we get

2
Ji mh”h)

9 min,;

(43)

eff _ PFh
)73

2
n o= m + —nl ,LL)Clh] + Re Ehl (0 th) (44)
my,

Note that the contributions to ,u,htf from the heavy-
electron Hartree-Fock term (27/my)n,(w)a,, and from
Re Ezzll)(O,th) (which is related to “heavy-heavy” interac-
tions) are small compared to the “heavy-light” contributions
because of the smallness of the ratio of the bare masses,
my/my,<<1.

The 2D static polarization operator is

4p2
11,(0,p) = {1—12 1——2”}
2 P

so that, for p<2pg, I1,;(0,p)=m,;/(27). is independent of
pz, in contrast to the 3D case. Thus in 2D, EPE is the domi-
nant mechanism for heavy mass enhancement.

A more accurate determination of the momentum depen-
dence of Re Efl)(sh(q),q) for higher densities in the bands,
together with the sum of the higher order contributions to
Re 2;,;, will be the subject of a separate study.

Note that for the light particles, the momentum depen-
dences of Re 2;,3) and Re 2512) yield only mf/m,*v 1+f%, SO
that the light mass is not strongly enhanced in either 3D or
2D.

Note also that, with higher densities of the heavy band
n,~n.<1 (and a large difference in the densities of the
bands, i.e., n;<1, so that n,=n,+n;<1) other mechanisms
for heavy-mass enhancement become more effective. That is,
with these densities and large mismatches between 7, and n,,
there should be a tendency towards phase-separation in a
two-band model.'’

Note that, if we analyze the effective chemical potential
of the heavy band (44) in the limit of a high density mis-
match n,>n; in 3D and evaluate the partial compressibility
(square of the speed of sound for heavy particles),

I
-1 __ 2 h
b= %)

we can already see the tendency towards phase-separation
(towards negative compressibility) in the strong coupling
limit and at low densities for f%mhpph/ mpp;=1, in qualita-
tive agreement with Ref. 10. A more careful analysis of all
the partial compressibilities in the system for larger f, and
large mismatches between the densities will be the subject of
a separate study.
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In concluding this section we would like to emphasize
that the physics of EPE and the determination of Z,, (in Ref.
1) are, to some extent, related to the well-known results of
Nozieres et al.,”* on infrared divergences in the description
of the Brownian motion of heavy particles in a Fermi liquid
and on the infrared divergences in the problem of x-ray pho-
toemission from deep electron levels, as well as with the
famous results of Anderson” on the orthogonality catastro-
phe for a 1D chain of N electrons with the addition of one
impurity to the system.

Finally, we would like to mention here a competing
mechanism that Fulde et al.,26 first developed to explain the
effective mass in praseodymium (Pr) and in some uranium-
based molecules such as U(CgHg),. Fulde er al., later gener-
alized this mechanism to some other uranium-based HF
compounds with localized and delocalized orbitals. This
mechanism has a quantum chemical nature and is based on
the scattering of conduction electrons on localized orbitals as
in two-level systems. Here the mass-enhancement is gov-
erned by nondiagonal matrix elements of the Coulomb inter-
action that are not contained in the simple version of a two-
band model (1). In this context we would also like to
mention Ref. 27 which deals with mass-enhancement of con-
duction electrons owing to their being scattering on local
f-levels split by the crystal field. dHvA experiments,28 to-
gether with ARPES experiments29 and thermodynamic
measurements,”” are the main instruments for reconstructing
the Fermi-surface of HF compounds and for determining the
effective mass (thus testing the predictions of various theo-
ries on mass-enhancement in uranium-based HF com-
pounds).

VI. IMAGINARY PARTS OF THE SELF-ENERGIES IN THE
HOMOGENEOUS STATE

As T—0 all the imaginary parts of the self-energies in
the homogeneous state behave in a standard FL. manner for
equal densities of heavy and light electrons. For £,>0 they
are given by

Im 3;7(e,(0),) = fosh("),
EFn
ImE(z)(Sz(q ).q) = f3 ;(q) (45)
Fl
Thus, for X;; and X, we have
Im 37 (e,(q).q) = £ h(q),
8Fh
Im 3P (e/(q),q) = - @) m, (46)

Epp My

Note that nz(Q) —0 and nx(Q)— 6(Q) for Q/T>1 in
the general expression for Im X obtained in section IV.

VIl. SCATTERING TIMES AND DRUDE CONDUCTIVITIES

For the inverse scattering times (more rigorously for the
lifetimes) of the heavy and light particles when ¢ ~T we
have
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Uy = (U + 1) = (T e m). (47)

Analogously, for light particles

T m
~fo——>Un.  (48)
Epp My

1/’7'[2 (1/Tll+ l/Tlh) = l/Tlh

Now we can calculate the Drude conductivities accord-
ing to the standard formula o=ne?7/m. For light electrons

(49)

I’llele nlez Eppy nlez (81:],,>2
g = =5 5 ~ e

) 2 2
my o foT" mymy fopg,
Introducing the minimum Mott—Regel conductivities,

Opin=(€*R)prin 3D and o, =e*#h in 2D,  (50)

and using units with 2=1, for equal densities of heavy and
light bands, i.e., nl=nh, we obtain

2
o= (7";::“(81;';,) (51)

Analogously for g;,, we have

2 2 2 2
nye T, npe” €p,  nye (8Fh> 1 (52)

Opy=—" =" — "% 5~ 5" 5
fo

nmy, my, f 3T2 P%h
Thus the scattering times for heavy and light particles
1/ 7, and 1/ 7; differ, but the conductivities o> 7/m are of the
same order of magnitude:1

2
Omin( €
g, ~ mm<ﬂ> ~ gy. (53)
1o
The total conductivity is
2
Omin( €Fh
=o,+o~— | = 54
o=0,*0; f% ( T) (54)
so that the resistivity
1 fo [T\
el A (1) 5
O Onin \€Fp

behaves as in a Fermi-liquid, with R(T)« T? at low tempera-
tures.

VIil. THE DIFFERENCE BETWEEN LIFETIMES AND
TRANSPORTS TIMES

Strictly speaking we calculate lifetimes and not transport
times. However an exact solution of the coupled kinetic
equations31 for heavy and light electrons including umklapp
processes for not-too-low densities of the bands shows that,
if my,>m; and pp,~pp;~pr=<1/d then for all the times in-
cluding 7, 7, we get

Tiransp — Tlife-time - (56)

Umklapp processes for the interaction of heavy and light
electrons imply that

PintPu=Ps+PutK, (57)

where K~ m/d is the wave-vector of the reciprocal lattice.
For pp,~ pp, this means that the densities in the light and
heavy bands cannot be very small (otherwise the resistivity
will be exponentially small). Hence to the accuracy of our
estimates,

M. Yu. Kagan and V. V. Valkov

2 2
AL
min h

and in all the estimates for inverse scattering times and con-
ductivities we can replace ep, with W, and e W1th W,.
Moreover for m: / mh>1 we can replace m; with mh (or
equivalently W, with Wh) so that the final result for the
resistivity is

2 2
R~ A(ls<) . (59)
Omin Wh

IX. THE CHEMICAL POTENTIAL AT HIGHER
TEMPERATURES T> W*

If 7> Wh the heavy band is totally destroyed (more pre-
cisely, it is destroyed for fOT Wh, as we shall see soon). To
be accurate let us first calculate the effective chemical poten-
tial uS"=gu+W,/2+&, in Eq. (3) in this situation.

Generally speaking nj,+n;=n,,=const and only the total
density is conserved. However, in our case for a large differ-
ence between the bare masses, with m;>m;, the density of
each band is essentially conserved independently, i.e., n,
= const and n;~ const. For heavy particles, all the states in a
band will be umformly populated at these temperatures. For
T>W, (assuming mh/mh~ 1) the effective chemical poten-
tial of the heavy particles is

ff =+ W, + Tl ( ! ) (60)
= — ~Tln .
My =M 2 €o n,d°

Thus we have Boltzmann behavior for ,u f. The Fermi-
Dirac distribution function for the heavy particles is

2
P )e—,usz/T
2th

mie) = (2T 4 1) = {(1 "

-1
+1

2
~ ekl T(l + L
thT

-1 off,
=~ e 'T = const. (61)

For light particles, because mj,>ml, at temperatures
W, <T<W, the effective chemical potential will be approxi-
mately the same as at T=0. Indeed for ,uiff: m+W,/2, we get

ny(e) = (epz/zm,—ﬂsz/T_'_ 1) = (e(pz—pﬁl)/ZmlT_i_ 1!

P
~ 0(——8F,) for T<ep (62)
2ml

so that the effective chemical potential of the light particles
is

Mleff =~ &p- (63)

X. EVALUATING THE SCATTERING TIMES AT HIGHER
TEMPERATURES Vli,:< T<W,

For light particles the scattering time, given by 1/7;
= f(z,Tz/ W,, does not change. However,
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m
=foWi (64)

Tih ny
implies almost elastic scattering of light electrons on heavy
electrons, as if on immobile (statlc) 1mpur1t1es in zeroth or-
der in W,/ W,. Note that W;m,,= Whmh

For heavy electrons we should take the bosonic ng({))
~T/{) and fermionic ny({))= %(1—9/ 2T) contributions to
Im3® for Q/T<1 1 and, therefore, to the scattering times.
This yields

1 2

—=foWa (65)

Thh
for scattering of heavy electrons on each other when they
uniformly occupy the heavy band*and can only transfer an
energy ~W,, to each other." For m,, >my;, we can replace W,
by W, in Eq. (65). At the same time

1
—=fT (66)

Thi
implies marginal Fermi-liquid behavior for diffusive motion
of the heavy electrons surrounded by light electrons.

XI. 3D RESISTIVITY FOR T>W:

For the scattermg times of heavy and light particles
when T> Wh we, therefore, have

. 2, M
1/7'1=1/7'”+ I/Tlh"—’ l/TlhszWh_ (67)
my
(T?/ W, < W,m,/m, for T<W,). Note that
S

mpy 1My,
f(z)Wh_ =f%Wh_ Nf(Z)Wz
m m
in Eq. (67). At the same time,
I/Th= I/Thh+1/7hlx I/Thl=f(2)T' (68)

Thus, the heavy component is marginal while the light com-
ponent is not.
For conductivity of the light band we have

2
ne-m m,e Tih _ Omin
o= = = i, (69)
my m 0

For the heavy band the Drude formula should be modi-
fied since on;,/ 6T ~ Wh/ T for T> Wh Then we immediately
obtain

w, \2
o) = Omin ( h ) (70)
7
As a result, for the resistivity one arrives at
R= 1 _f_é (T/W;’k)z _L%; (71)
T 0407 O L+ (TIW)?: o 1+ (W, /T)?

For T> W:: the resistivity R~ fé/o’mm approaches satu-
ration. We, therefore, obtain a residual resistivity at high
temperatures owing to conductivity in a light band. This is a
very nontrivial result
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2
fO /Gmin

W, T

FIG. 5. The resistivity characteristics R(T) in a the 3D two-band model.

Xil. DISCUSSION OF THE RESISTIVITY AT HIGHER
TEMPERATURES

When W:< 1/7, or, equivalently f%T> WZ, coherent
motion in the heavy band is totally destroyed. The heavy
particles begin to move diffusively among the surrounding
light particles. Strictly speaking, in this regime the diagram
technique can be used only for light particles and not for
heavy particles.

However, the exact solution for the density matrix equa-
tion obtained in Ref. 1 shows that 1/ i is qualitatively the
same as in our estimates when f0T> Wh, the inverse scatter-
ing time, 1/, is also qualitatively the same because of its
physical meaning (scattering of light electrons on heavy ones
such as immobile 1mpur1t1es) That is why o0y, o; and hence
R(T) behave smoothly for f37= Wh

Xlll. THE IDEA OF A HIDDEN HEAVY BAND FOR HTSC

The 3D resistivity characteristics R(7) acquire a form
(see Fig. 5) which is frequently observed in uranium-based
HF (for example in UNi,Al;). R(T) mimics a linear behavior
between T? and const (where it approaches saturation as T
> Wg) in a crossover region of intermediate temperatures 7
~W,. The same holds for magnetoresistance in Kapitza’s
well-known experiments:

R(H)-R(0) (Q,n? N (Q.7)? for Q. r<1,
R(H) 1+ (Q.7? for Q. 7>1,
(72)

const

where (), is the cyclotron frequency.

In the crossover region 1.7~ 1 the magnetoresistance
seems to depend linearly on ().

Thus, we find that for 7> Wh, the heavy electrons are
marginal but the light electrons are not. A natural question
arises: is it possible to make the light electrons marginal, as
well, and thereby obtaln resistivity characterlstlcs of the type
R(T)T for T> Wh while R(T) = T? for T< Wh Resistivity
characteristics of this sort could serve as an alternative sce-
nario for explaining the normal properties in HTSC materials
if we assume the existence of a hidden heavy band with a
bandwidth smaller than the superconducting critical tempera-
ture 7., i.e., Wh <T, (see Fig. 6). Then to get R(T)=T? (FL
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R

7
w, T T

FIG. 6. The r651st1v1ty R( ) in a superconducting material with a hidden
heavy band for W <T, (Wh is an effective width of the heavy band).

behavior at low temperatures) we should suppress SC by
applying a high ma%netlc field H down to low critical tem-
peratures T .(H) <W,.

XIV. 2D WEAK-LOCALIZATION CORRECTIONS

The tendency towards marginalization of the light com-
ponent shows up in the 2D case. We know that in 2D there
are logarithmic corrections’ to the classical Drude formula
for the conductivity owing to weak localization effects. But
according to our ideology, heavy particles play the role of
impurities for scattering of light particles. That is why the
correct expression for the conductivity o; of the light band in
the absence of spin-orbital coupling is

0_}00 _ Omin |:1 _fo In :| (73)
fo 0 T

where, according to 2D weak-localization theory, 7 is the

elastic collision time, while 7, is the inelastic collision (de-

coherence) time. In our case,

T=17,=Ty Whiler,=7,=7, and 7,> 7, (74)

where 7,; and 7,, are the scattering times for electrons on
impurities and other electrons, respectively. Thus, between
two collisions of a light particle on another light particle, it
undergoes many collisions with heavy particles (see Fig. 7).

As a result, the velocity of the light particle is greatly
reduced (as is the diffusive motion) and two characteristic
lengths appear in the theory: the elastic length,

h
L = VDI% [

¢

FIG. 7. Multiple scattering of light particle on heavy particles in between
collisions of light particles on light particles. L is the diffusive length, [,
is the elastic length, D, and vy, are the diffusion coefficient and Fermi
velocity of the light electrons, and 7, and 7, are the elastic time for scat-
tering of light electrons on heavy electrons and the inelastic (decoherence)
time.
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letast = Vi (75)
and the diffusive length
L‘P = V’Dchp (76)

where D; is a diffusion coefficient for the light electrons and
v 18 the Fermi velocity of the light electrons.

That is why, according to Altshuler-Aronov,” in a more
rigorous theory we should replace the inverse scattering time

& w o 2 2

d T
~def ds’Ja—gqq2=(2)_ (77)

mu(e) 0 0 o m; (Vrq) W,

by

fdf“’d,rai qdq (78)

~ | de| de'| S —— >,

Tu(e) 0 0 0 mz2 (ie’ + Dig*)?

where the scattermg length all~d In fact, we replace vFy,
with a “cooperon” pole (ie’ +D, ) in the Altshuler-Aronov
terminology. Thus, when evaluatlng 7, the characteristic
wave-vectors ¢~ \&/D,, where & is an energy variable. The
Altshuler-Aronov effect in 2D yields

1 S

o, ™)

Tu(e)
where N/(0)=m;/27 is a 2D density of states for the light
electrons. For the diffusion coefficient we can use the esti-
mate

D= v, (80)
so that, since the inverse scattering time 1/7(¢g)
=foW,,(my,/ m;) = foW, according to Eq. (68), we obtain

1 oW,
— - f(lfO 12 ~ fie. (81)
Tu(e)  (mjmvg

Thus 1/7; also becomes marginal when € ~ 7. For the loga-
rithmic corrections to conductivity we have

7 W

“=—=—">1 (82)
T Tin ng
so that
: i W
o) = ‘““{1 foln—’] (83)
fo foT
For f%)T~ W,, we have In Wl/f(z)T~ln W,/ W), and
oc
W
Zy=—=1-fIn—*, 84
==l fim (84

Thus, for f§T~ W, the enhancement in the heavy particle
Z-factor owing to EPE and the localization of light particles
owing to the Altshuler-Aronov corrections are governed by
the same parameter fg In(m,,/m,) in 2D.

XV. JUSTIFICATION OF THE EXPRESSION FOR 2D
LOCALIZATION CORRECTIONS

In principle, impurities are mobile and have some recoil
energy. That is why the formula a'}"c/cr,=1— f% In(W,/ ng)
must be justified (at least the temperature dependent factor
under the logarithm should be T or T%). To do this we need to
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FIG. 8. The 2D resistivity R(7) in a two-band model with one narrow band.
It has a maximum and a localization tail at high temperatures 7> W,,.

estimate the energy lost by a light particle before it collides
with another light particle (i.e., the energy lost by a light
particle between collisions with light particles). The number
of collisions with heavy particles between light-light scatter-
ing events is L/ lgja- The maximum energy loss in one col-
lision is W,. The total loss is

< L < (W
Whl_(& = Wh 7.
elast

The energy of the light particle itself is 7. This means that
for W, VW,/T<T or, equivalently, for

y w 1/3
T> WZ(Z—I*> : (85)
OWh

the energy loss is small and the heavy particles can be re-
garded as immobile impurities. Thus, the exponent « in the
logarithm is 1.

XVI. THE 2D RESISTIVITY

The resistivity behaves qualitatively in 2D as follows:
fo !

- — .
Omin [ W W
m“‘(—h) +<1—f31n2—’)

T fir

R

(86)

It has a maximum for 7, ~ W: /fo and a localization tail at
higher temperatures (see Fig. 8). It is very interesting to de-
termine the magnetoresistance in the 2D or layered case us-
ing a two-band model with one narrow band with a strong
quantizing magnetic field H oriented perpendicular to the
layers. Here we can expect a strong manifestation of the
famous Aharonov-Bohm effect.*

XVII. SUPERCONDUCTIVITY IN A TWO-BAND MODEL WITH
ONE NARROW BAND

For the sake of completeness let us briefly consider the
superconductivity problem using this type of model, namely
a two-band Hubbard model with one narrow band. We con-
centrate on the 2D case where critical temperatures are al-
ready higher at low densities'""'* and consider the most typi-
cal case (see Fig. 1) m,>m; and pp,>pp but we assume
that the mismatch between the densities is still not large
enough to cause phase separation. Note that in 2D, where
only EPE is present, the restrictions on a homogeneous state
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could milder than in 3D. At low densities n,d*><n,d><1 the
maximum 7, corresponds to p-wave pairing“’12 and is gov-
erned by the enhanced Kohn—Luttinger mechanism for sc.”
The general expression for the effective interaction Vg of
the heavy particles (to the irreducible bare vertex for the
Coolger channel) in the first two orders in the gas-parameter

Veit(PioP}) = Ton + T (0,85, = Py + pp) — 2T5,11,(0,q,
=p,— Py (87)

where p and p’ are the incoming and outgoing momenta for
the heavy particles in the Cooper channel and |p,|=|p;|
=ppp» and

qi = 2p,2ph(1 —cos @); c?ﬁ = Zp%h(l + oS @) (88)

are the squares of the momentum transfer (for qi) and trans-
ferred momentum with an account of crossing squared (for
7). Note that in Eq. (88) both g, <2p, and §,<2pg, for
superconductivity. The second term in Eq. (87) is related to
the exchange diagram“_13 for the heavy electrons and the
third term, to the static polarization operator for the light
electrons.'"'?

In Eq. (87) for I1,,, and I1;; we have

41912%]

\[1-—2,

N
m, 4p2

,(0,q,) =Z}—=| 1 -Re y/1 - — |, (89)
21 q

h

_ m*
I1,,(0,9,) = Z/%;il 1 -Re

where Z;, and m: are the heavy-particle Z-factor and effec-
tive mass, Z; and m; are light-particle Z-factor and effective
mass, and pg;, and pg; are Fermi-momenta for the heavy and
light electrons. Given that Z,~m,/m7~ (1~f3), we can set
Z,~1 and m; ~m, in the following. Finally in Eq. (87) for
Prr>> P the T-matrices are

4ar 1

Typ=—=——5 5= >
" iy In[1/(p2,d?)]

b

47 1

Tu= m, n[1/(p2,d*)] =0 (%0)
Given that §,=<2py;, we find that I1,,(0,,) =Z>m, /27 does
not depend on the momentum transfer at crossing gj,.

At the same time I1; (0,q,,) has a nontrivial dependence
on g, for pp,>pp. We can say“’12 that a large 2D Kohn
anomaly (connected with the square-root in the expression
for I1;, in Eq. (89)) becomes effective in the SC problem and
we have pairing of heavy electrons through polarization of
light electrons (see Fig. 9). Note that standard s-wave pairing
is suppressed in a two-band Hubbard model by the short-
range Hubbard repulsion, which yields 7};,>0 in the first-
order contribution to V4 in Eq. (87).

According to the Landau—Thouless criterion, the maxi-
mum critical temperature in our model corresponds to
p-wave pairing (to pairing with magnetic quantum number
m=1 in 2D), i.e.,
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FIG. 9. The leading contribution to the effective interaction Vg for p-wave
pairing of heavy particles through polarization of light particles. The open
circles represent the vacuum 7-matrix 77,

_VEIN0)Z2 I 2 2 (91)
Tcl

where N A (0)= mh/ 271 Jsan effectlve 2D density of states for

the heavy electrons; e =P Fh/th is the renormalized Fermi

energy for the heavy electrons; and, quﬂ is a p-wave har-

monic of the effective interaction. We thus have

2

_ de

Vil = f Ver(g cos @)cos Sy (92)
0 71-

It has been shown'"'? that V"= depends on the relative

populations of the two bands pr,/pg; and is given by

Pri/PF1—
VWH = N 1 (0)—
th/pFI

T;(=2) <0. (93)

It also corresponds to attraction. N;‘(O):mj/ 21 is the
2D density of states for light electrons in Eq. (93). We can
see that V’" —0 as pp,/pp— 1 and ppy/pp—oe. It is easy
to show that V! has a rather large and broad maximum'? at
Prn=2pp or equivalently n,=4n;. The maximum effective

interaction is
4 2
) . (94)

|
Vs == N, O —=——5 >
eff 2! ( )(ml* 1n(l/p)2phd2)

Correspondingly, the Landau-Thouless criterion for the
superconducting temperature gives

D720 1n 220 - (95)

1 Tcl

where fy=1/In(1/ thdz) is the 2D gas parameter. For
fqtln(mh/ml)<1 EPE is weak and mh—vmh Thus Z,~1,
ep,~¢ep, and the Landau-Thouless criterion becomes
(my,/m)2f3 In(gp,/T,)=1. The effective gas-parameter in
the formula for 7,, with weak EPE is fy(m,/m;)"?. It is
interesting that in the unitary limit fy— 1/2, EPE yields an
enhancement in mh of

% ® 2
my _, m, nmy my, m

B T TR —2’—* ~1. (96)
m; my (m,,) my my,

Thus for the critical temperature in the unitary limit f
—1/2 we get
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T, ~ 8:6_1/(2]%) ~ s:e_z. (97)

This means that for s§h~50 K, already
densities, which is quite reasonable.

Note that in a phase-separated state we have the droplets
(clusters) with a density ratio n,/n; that is higher or lower
than the density ratio in a homogeneous state. For example,
in a fully phase-separated state we have two large clusters
(1,2) with n,; >nj,>n,,. Thus Eq. (93) for the effective in-
teraction is valid for both clusters but with local values of
Prn/ Pr- Correspondingly, the critical temperature will be
different for these two clusters at least in the zero approxi-
mation when we neglect Josephson coupling or the proxim-
ity effect between the neighboring clusters or droplets.

Similarly, an effective interaction (irreducible bare ver-
tex) for light electrons in the Cooper channel has the form

T..~5 K at low

Ve(pLop]) = Ty + Ti11,(0,4,= p; + p))
- 2T 11,,(0,q,=p; - p)), (98)
where |p/|=[p/|=pp and §,<2pp; and, ¢,<2pp, for SC.

4

=
" m, In(1/p2,d%)

is a T-matrix for the light electrons. Using the expressions

* 2
4
I1,(0,9,) :lemz ll —Re /I - ljzpl]
2

q;
* 2
m 4
I1,,,(0.q)) = Zi_h{ l1-Re y/1- %} , (99)
2m 4qi
and given that pg;> ppy,, we obtain
*
Ver(PrP;) = Ty + T112 22_Zh’ (100)

where we have set Z,~m7/m,~ 1.

Thus, an effective interaction for the light electrons does
not contain any nontrivial dependence on q; and q;, so that
superconductivity with m #0 does not exist for light elec-
trons in this approximation. Note that s-wave pairing for
light electrons is also suppressed by the first order term 77
>0 in Veff (98)

However, adding a Suhl term, which is related to
rescattering of Cooper pairs between the bands,

33,34

K(a+aipb[,/b '+ hC) (101)

to the Hamiltonian of the two-band model (2) makes the
light band superconductive at the same temperature as the
heavy one, even for infinitely small K. Thus 7, in Eq. (91) is
a mutual SC temperature for the two-band model with one
narrow band.'?

XVIIl. DISCUSSION AND CONCLUSIONS

We have analyzed the characteristic features of a two-
band Hubbard model with one narrow band taking electron-
electron scattering into account for the clean case (no impu-
rities) with low electron densities. We considered the
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electron-polaron effect and other mechanisms for heavy
mass enhancement related to the momentum dependence of
the self energies.

In the 3D-case the dominant mechanism for heavy mass
enhancement is related to the momentum-dependence of the
real part of the “heavy-light” self-energy and leads to linear
(in the mass-ratio) renormalization of the heavy mass. In 2D,
the dominant mechanism for heavy mass enhancement is
EPE, which leads to logarithmic renormalization of the
heavy particle Z-factor. In the unitary limit if we start with
my,/m;~ 10 for the bare mass ratio in the LDA scheme we
can end up with mh/ m;~ 100 owing to many-body effects;
this is quite natural for uranium-based HF systems.

The important role of the interband (“heavy-light”) Hub-
bard repulsion U, for formation of a heavy mass m"
~100m, in a two-band Hubbard model has also been noted™
for the HF compound LiV,0,. For a large density mismatch
n,>>n; we can see a tendency towards negative compressibil-
ity in a heavy band in the strong coupling limit
fgmhth/ mpp;=1 even at low densities, which can lead to
redistribution of charge between the bands and, possibly, to
nanoscale phase separation that is qualitatively similar to that
reported in Ref. 10. The tendency towards phase-separation
at low electron densities also shows up in the asymmetric
Hubbard model (which possesses Hubbard repulsion be-
tween heavy and light electrons) in the limit of strong asym-
metry th<t136 between the heavy and light bandwidths.

For equal densities of heavy and light bands the resistiv-
ity in a homogeneous state behaves as a Fermi liquid, with

R( )OCTZ at low temperatures 7< Wh in both 3D and 2D
(where Wh is an effective bandw1dth of the heavy particles).

At higher temperatures 7> Wh, when coherent motion
of particles in the heavy band is totally destroyed, the heavy
particles move diffusively among the surrounding light par-
ticles while the light particles scatter on the heavy ones as on
immobile (static) impurities. The resistivity approaches satu-
ration in 3D, which is typical for some uranium-based HF-
compounds including UNi,Als.

In 2D, because of weak-localization Altshuler-Aronov
corrections, the resistivity at higher temperatures has a maxi-
mum and then a localization tail. Such behavior could be
also relevant in some other mixed-valence systems, possibly
including layered manganites. A similar behavior with a me-
tallic dependence for the resistivity at low temperatures T
<130 K and an insulator-like dependence at high tempera-
tures has also been observed in layered intermetallic GdsGey
alloys;38 there®® a strongly-correlated narrow band was as-
sumed to exist at low temperatures.

We have briefly discussed the SC-instabilities which
arise in this model at low electron densities. The leading
instability, of an enhanced Kohn-Luttinger type, corresponds
to p-wave pairing of heavy electrons via polarization of light
electrons. In the quasi-2D case, T, can reach experimentally
realistic values even at low densities in the layered dichalco-
genides CuS, and CuSe, and in InAs-GaSb and PbTe-SnTe
semimetallic superlattices with geometrically separated
bands belonging to neighboring layers.39 Note that p-wave
SC has been widely discussed for 3D heavy-fermion systems
such as Ul_xTthel340 and the layered ruthenates Sr,RuO,
with several pockets (bands) for conducting electrons.*! Note
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also that when we increase the density of a heavy band and
approach half-filling (n,— 1), d-wave superconductive pair-
ing (as in UPt;) becomes more beneficial in the heavy band
in terms of the spin-fluctuation theory.42’43 Different mecha-
nisms for SC in HF-compounds, including odd-frequency
pairing, have been discussed by P. Coleman, et al®

Note also that if we study the orbitally degenerate two
band Hubbard model, then the Hubbard parameters become
U=U,,=Uy—-Uy+2Jy (where Jy is Hund’s coupling).**
Near half-filling this model becomes equivalent to the #-J
orbital model;* for J<r and at optimal doping it contains
SC d-wave pairing46 governed by superexchange interaction
between different orbitals of AFM-type J>0. Note that,
when 7, and 7, do not differ greatly, typically we have J
~12/U~300 K. The orbital #-J model also reveals a ten-
dency towards nanoscale phase-separation at low doping,47
with the creation of orbital ferrons inside an insulating AFM
orbital matrix. An orbital type of phase-separation may have
been observed in URuZSiz.37

Finally, it is interesting to note that the electron specific
heat in the homogeneous state of the two-band model with
one narrow band for T.< T< Wh behaves linearly in 7, i.e.,
C,ocm,(T/ Wh) whlle for Wh <T<W, the specific heat de-
creases as C, Ocnh(Wh/ T)2 Thus, it has a maximum at T
~ Wh in a mixed-valence regime of the two-band model.
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