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Paired state of nonstandard quasiparticles is analyzed in detail in two model situations. Namely, we consider
the Cooper-pair bound state and the condensed phase of an almost localized Fermi liquid composed of
quasiparticles in a narrow band with the spin-dependent masses and an effective field, both introduced earlier
and induced by strong electronic correlations. Each of these novel characteristics is calculated in a self-
consistent manner. We analyze the bound states as a function of Cooper-pair momentum |Q| in applied
magnetic field in the strongly Pauli limiting case (i.e., when the orbital effects of applied magnetic field are
disregarded). The spin-direction dependence of the effective mass makes the quasiparticles comprising Cooper-
pair spin distinguishable in the quantum-mechanical sense, whereas the condensed gas of pairs may still be
regarded as composed of identical entities. The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) condensed phase of
moving pairs is by far more robust in the applied field for the case with spin-dependent masses than in the
situation with equal masses of quasiparticles. Relative stability of the Bardeen-Cooper-Schrieffer vs FFLO
phase is analyzed in detail on temperature-applied field plane. Although our calculations are carried out for a
model situation, we can conclude that the spin-dependent masses should play an important role in stabilizing
high-field low-temperature unconventional superconducting phases (FFLO, for instance) in systems such as

CeColns, organic metals, and possibly others.
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I. INTRODUCTION

Unconventional superconductivity (SC) of heavy-
fermion' and organic metals? is studied almost as intensively
as that of high-temperature superconductors.” While the
d-wave symmetry of the superconducting gap is shared
among all of the systems that have a quasi-two-dimensional
electronic structure, the first two systems are easier to ap-
proach theoretically, as the corresponding normal state can
be conceptually described as a Fermi liquid, albeit an almost
localized Fermi liquid (ALFL) (Ref. 4); whereas, the normal
state of a high-temperature superconductor is an almost lo-
calized non-Fermi quantum liquid, at least on the under-
doped side.> By ALFL, we understand the electron liquid
located on the phase diagram close to the Mott or Mott-
Hubbard threshold composed of (nonstandard) quasiparti-
cles. The nonstandard characteristics of the quasiparticles
comprise of (i) large value of their effective mass m* which
becomes divergent if the Mott transition has the character of
a quantum critical point,® (ii) spin-direction dependence of
the effective masses m”=m, in the magnetically polarized
state in the non-half-filled band situation,” and (iii) the ap-
pearance of the effective field &, induced by electronic cor-
relations which differs from the molecular field introduced in
magnetism.® Thus, it is of basic interest to include those
novel features in the description of concrete physical phe-
nomena, as they may mimic non-Fermi-liquid features even
though they represent only non-Landau corrections to the
Landau Fermi-liquid theory. The approach developed here is
based on the Bardeen-Cooper-Schrieffer (BCS) theory of su-
perconductivity and closely associated with it the problem of
a single Cooper pair, both treated without and with the spin-

1098-0121/2009/79(21)/214519(15)

214519-1

PACS number(s): 74.20.—z, 71.27.+a, 71.10.Ca

dependent masses (SDMs), in the latter case also with the
inclusion of the effective field &, calculated within a self-
consistent scheme. In this manner, our approach represents a
natural and simple extension of both Landau Fermi-liquid
and BCS theories to the systems with correlated electrons.
SDMs of quasiparticles have been observed recently in
the heavy-fermion superconductor CeColns (Ref. 9) and
other systems!'® by means of the de Haas—van Alphen oscil-
lations in a strong applied magnetic field. These observations
confirm the earlier theoretical prediction concerning the spin-
dependent mass enhancement induced by interelectron corre-
lations in a single narrow band’ and in the Anderson-lattice
systems.'!"!> This phenomenon has also been reinvestigated
recently within the periodic Anderson'?® and the Hubbard'#
models. It appears that SDM should occur for either moder-
ately or strongly correlated systems with large on-site Cou-
lomb repulsion U. This effect is particularly strong near the
half filling n— 1 in the narrow band or for an almost integer
valency of Ce**™ (n;—1) in the heavy-fermion systems.
Furthermore, in the same system (CeColns), in which SDMs
were observed, a novel high-field low-temperature (HFLT)
superconducting phase has been discovered.!> This phase
was proposed to be either of the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) nature!®!7 or an unconventional super-
conducting phase coexisting with an antiferromagnetic
order,'®!? or even a complex phase with three independent
order parameters.20 Hence, its nature is still unclear. There-
fore, it is important to consider a case with SDM and re-
examine the BCS phase against the formation of the FFLO
phase. Such analysis can help in predicting the influence of
SDM on the HFLT stability. To achieve these goals, we con-
sider here only a model situation to emphasize the role of
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nonstandard quasiparticle characteristics in altering the stan-
dard BCS or FFLO description. In particular, we show that
the FFLO state is robust in the SDM case on the expense of
the BCS state. The simple model reflects some of the quali-
tative features of the phase diagram observed for CeColns,">
although our main purpose here is to underline the universal
properties rather than to construct the detailed phase diagram
for concrete systems. In part of our numerical analysis, we
take the values of some parameters (e.g., the elementary cell
volume), such as for CeColns, to illustrate that the results are
in the proper range of temperature and applied field; al-
though the detailed treatment for this system must be carried
out separately and include also the d-wave symmetry, the
singlet-triplet mixing in the paired state, and possibly, the
spin-density-wave  appearance, coexisting with the
proposed—here—generalized FFLO state. We also discuss
briefly some of the nontrivial features of the normal state.

The structure of the paper is as follows. In Sec. II, we
analyze the concept of electron gas with SDM and of the
effective field and introduce its basic characteristics in the
normal state. In Secs. III and IV, we discuss a single Cooper-
pair problem?! for such Fermi liquid, particularly, in applied
magnetic field and obtain a stable pair state with center-of-
mass momentum Q # 0. The pair is discussed at some length,
as it conveys a basic message concerning the formation of
FFLO state and is nontrivial because quasiparticles compos-
ing it are spin distinguishable. In Secs. V and VI, we analyze
the condensed state of pairs, both analytically and numeri-
cally. Finally, Sec. VII contains outlook and concluding re-
marks. In Appendixes A and C, we discuss the details con-
cerning the origin of SDM, introduce the general
antisymmetric state of Cooper pair, and justify the narrow-
band limit for the case of Anderson lattice with an intra-
atomic hybridization, respectively.

II. QUASIPARTICLE GAS WITH HEAVY SPIN-
DEPENDENT MASSES AND EFFECTIVE FIELD INDUCED
BY CORRELATIONS

We analyze first the normal-state properties of a quasipar-
ticle gas with the spin-direction-(o= * 1) dependent masses
m*=m, and the effective field induced by correlations A,
Quasiparticle energies in the applied field h=guzH, have
the form

hk?
bvo=7 —Oh— p—ohey, (1)
2m,,
where we have taken the simple parabolic dispersion relation
and have defined from the start the energy with respect to the
chemical potential u. The spin dependence of the masses’-
is taken in the simplest form corresponding to the narrow-
band or the Kondo-lattice limits (cf. Appendixes A and C)
with the Hubbard interaction U — o, i.e.,

my l—n, 1-n/2 m
— = -0
2(1-n)

1
= —(m, — cAm/2),
mp

(2)

where o= *1 is the spin quantum number, my is the band
mass, m=n;—n, is the system magnetic polarization, and n

mB_l—n 1-n

PHYSICAL REVIEW B 79, 214519 (2009)

is the total band filling (n=n;+n). Also, Am=m,—m, is the
mass difference and m,, = (m;+m,)/2 is the average mass.
Note that in the magnetic saturation limit (ny—n )/(n,+n))
=1, we recover the band limit with my/mp=1, whereas the
heavy quasiparticles in the spin-minority disappear (n;=0).
Note also that the convention is such that the state o=+1 is
regarded as that with magnetic moment along the applied
field direction.

In this paper, we follow the spirit of the original paper by
Fulde and Ferrell'® and adopt it to the ALFL case. In such
formulation, the system of self-consistent equations deter-
mining thermodynamic properties of the normal state starting
from the free-energy functional F is as follows:

N
F=—kgT> In(1 + e Péko) + uN + —iiih,, (3)
ko n

_ ﬁ &gk(r
hcor - NkEU— f(gktr) o > (4)
= af(Eio). (5)
ko
n:nT+nl:]%2f(§k(r)’ (6)
ko

where f(&,) is the Fermi-Dirac distribution, B=1/(kgT) is
the inverse temperature, and N is the total number of par-
ticles. The free-energy functional F(T,H,;h..,m,n) given
by Eq. (3) describes a Fermi sea with the spin-dependent
masses m, and correlation field h,,. Equations (4) and (5)
are derived from the conditions dF/dm=0 and dF/dh.,=0,
respectively, and the last Eq. (6) is an elementary relation
used to fix the band filling (defined by n/V,=N/V, where
Velem 18 the elementary cell volume). The normal-state prop-
erties determined via Egs. (3)—(6) are to be compared with
those for the paired state obtained in the subsequent sections.

The equations describing the Fermi sea characteristics can
be easily solved numerically by their reduction to a single
equation for n, of the following form:

2
nn?

(n—n,)(2my, — mp) + mpn,

n(n—n;)*? 4(h+hmr)<L)2’3
67

T Qmy —mg) +mgn—ny) A2
(7)

with n; =n,. The Fermi sea characteristics are summarized
in Fig. 1. The mass difference, the Fermi-vector splitting, and
magnetization increase linearly with the increasing field.
Therefore, the approximated expressions in the field up to 30
T are m=xH, and m (H,)=m,,—omgx/2(1-n)H,. In our
numerical study, we obviously use full expressions (3)—(6).
Namely, we take the values of parameters emulating the
heavy-fermion systems: n=0.97, Vy,=161 A3, and the h
=0 value of the quasiparticle mass m,,=mz2=100m,.

l-n —
For these values, the principal characteristics are collected in
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FIG. 1. (Color online) Panel with the Fermi sea characteristics in the normal state as a function of the applied magnetic field (for T
=0.05 K). Dashed line in (a) represents the mass in the spin-minority subband, whereas the solid line characterizes that in the spin-majority
subband. The dotted-dashed lines in (d) represent the results for subband Fermi wave vector in the case with spin-independent masses (SIMs)
with m*=m,,. Note the much greater Fermi-wave-vector splitting in the SIM case; this is important for understanding the results for

superconducting state. For details, see main text.

Fig. 1. The assumed mass enhancement magnitude corre-
sponds to the moderate heavy fermions, with the value of y
in the range 100-200 mJ/mol K2. Also, the value of n
=0.97 corresponds to the effective valence of the Ce ions
+4-n,=3.03: a typical value. Note that the mass splitting is
only about 7% in the field of H,=30 T, but more important
is the Fermi-wave-vector splitting Akp=kp;—kg| displayed
in Fig. 1(d). The Fermi wave vector is calculated according
to the relation kp,=(671,/ Veem)'">. Most of the character-
istics are indeed linear in H,, as stated above.

In Fig. 2, we display the & dependence of the effective
field h,. It is linear in # and typical values are h.,=
—0.4h. More importantly, it is always antiparallel to the ap-
plied field; it partly compensates it in the sense that it re-
duces the Zeeman contribution to the quasiparticle energy.
Also, the external field induces the effective-mass splitting
and this factor drastically decreases the difference Aky.

III. COOPER-PAIR STATE: THE QUASIPARTICLE
DISTINGUISHABILITY

We consider next the simplest situation involving quasi-
particle pairing—the Cooper problem®'—and demonstrate
principal and nontrivial features of the introduced quasipar-
ticle states, particularly, in the applied magnetic field. These
features involve not only the pair binding energy but raise
also some basic questions concerning its quantum-
mechanical description, as discussed next.

A. Hamiltonian with scalar effective masses and its limitations

A simple way of accounting for the different masses of
quasiparticles is to insert them into the Hamiltonian “by
hand,” that is, to assume that the first particle has the spin
quantum number o=1 =1 and the corresponding mass m;
=m;, whereas the other one has spin o= | =-1 and mass
m | =my,. This is a standard procedure since in nonrelativistic
quantum mechanics, the particle mass is an external classical
parameter. This assumption leads to the following form of

Correlation field (T)

8 10 12 14 16 18 20 22 24 26
Magnetic field (T)

0 2 4 6
FIG. 2. (Color online) Correlation field A, as a function of the

applied magnetic field for the normal state. The linear dependence
is heor=—0.4h.
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the Hamiltonian for the two particles with m;=m; and m
=my:

h? h?
H= _V2 _V2 O‘?h - Oéh - Oﬁhcor - Oéhcor
2m1 2m2
+V(ry,ry), (8)

where V(r;,r,) is an attractive interaction between them. We
neglect the effect of the applied magnetic field on the elec-
tron orbital because the Maki parameter?? is usually large in
correlated systems [see, e.g., CeColns, in which o'=4.6,
at=5.0 (Ref. 15)], which means that the Pauli contribution
dominates over the orbital effects. For the two-particle state
with opposite spins, Hamiltonian (8) acts properly only on
the wave function with the spin part of the form

x(oy,02) =[1D)2]). &)

This type of wave function will be called specific spin in
the following. If we applied the Hamiltonian to the wave
function with different spin part, i.e., x'(oy,0,)=|11)21), it
would assign improperly mass m; =m; to the first quasipar-
ticle, whose spin is o=]. For this reason, we may not con-
struct for Hamiltonian (8) the proper singlet or trlplet spin-
wave functions xg (o, 02)=(11)[2])F 111)27))/12, in
which the spin quantum number has not been assigned to the
particle of given mass. This means that by specifying that the
first particle has the spin up and the second has the spin
down, we violate in an obvious manner the quasiparticle-spin
indistinguishability.

One can illustrate the nontrivial character of the present
case with SDM by commenting on the simplest quantum
system—the hydrogen atom. Namely, although the masses of
proton and electron are vastly different, the total spin part of
the wave function is still the full singlet. This is because the
spin quantum numbers of those particles are completely de-
tached from their masses. In effect, the spin part of the wave
function is either pure singlet or triplet. On the contrary, in
our situation with SDM, the spin quantum number is at-
tached to the masses so the spin transposition symmetry may
be broken explicitly, as discussed in detail below.

B. Hamiltonian with masses in an invariant (operator) form

We construct next the Hamiltonian in such a way that it
properly assigns masses to quasiparticles depending on their
spin direction in the applied magnetic field. The only way to
do this is to introduce the mass operator ri(ao5)=nmy,
- %crfAm, where the mass splitting Am needs not to be speci-
fied at this point. Under this prescription, the two-particle
Hamiltonian takes the form

h? ) h? )
H=- Vi- V5= oih—d5h
2m,, — oy Am Y omy, - o5Am = ! :
- ajhu)r aéhcor + V(rl»rl) (10)

Now, the kinetic part assigns respective masses mi;=m,,
—Am/2 and my=m,,+Am/2 to the particles depending on
their spin z component. With this Hamiltonian, we can now
analyze any spin function. In particular, both the specific-
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spin-wave function (9), as well as those describing the sin-
glet or triplet states with the z component of the total spin
S5+85=0, which have obviously the form

Xsrlono) = S(IDRDF NHRD. (D

Additional advantage of the Hamiltonian (10) is the abil-
ity to describe transition from the indistinguishable-
quasiparticles limit (for zero or low-mass splitting) to the
spin-distinguishable-quasiparticles case when h>0. By dis-
tinguishable quasiparticles, we mean here those described by
a wave function without a well-defined transposition symme-
try (i.e., nonantisymmetric in our case).

C. Singlet, triplet, and their inadequacy in describing the
paired state

First, we note that the total spin operator

§2= (S;+S,)*does not commute with Hamiltonian (10), i.e.,
[H.(5,+8,%] # 0, (12)

whereas H does commute with 3? and 35 separately. This
means that while the z components of the individual spins
represent good quantum numbers, the tofal length does not.
To analyze this property, it is important to see that the spin-
dependent denominators can be rewritten in the two equiva-
lent forms,

ﬁZ
H= —Vi-0ch
; { 2my, O*Am '

l

O-Z cor:| + V(l'l’l'z)

i
M S}

h2
- 2—2(2mav + OfAm)sz - Ulzzh - thcor
1 - (Am)

1

+ V(rl,rz). (13)

Taking §i=(1/ 2)d;, one can easily prove the condition

(12) as well as the property that [H,Sf]=0. One sees that the
spin-wave function can be characterized by individual values
o57=1 and o5=] or vice versa; but the rwo-particle spin state
might not have a proper singlet or triplet symmetry (11).
Note also that the property (12) is independent of the form of
pairing potential and is fulfilled also for V(r,r,)=0. This
may lead also to the normal-state corrections not discussed
here.

D. Solution for the specific-spin-wave function

The wave function is decomposed into the spin and space
parts,

W (ry,ry,01,0,) = O(ry,1p) x(0,03), (14)

with the space part given as a superposition of plane-wave
states, i.e.,

B(ryry) = 2 akl,kzq’kl(rl)q’kz(rz)
kpk,

E O k€ ekiri+ikors (15)
Vkl L)

214519-4



SUPERCONDUCTIVITY IN AN ALMOST LOCALIZED...

By starting from the wave function in the form (14) with
the space part given by Eq. (15) and spin part y(oy,03)
=[11)|2]), we can solve the Schrodinger equation (with any
of the two Hamiltonians) in a similar manner as in the origi-
nal Cooper problem.?! One of the differences we introduce is
another definition of the relative momentum when transform-
ing the Hamiltonian to the center-of-mass and relative coor-
dinates, namely,

rym; + Iy,

;o Q=Kk;+k,, (16)
m1+m2
kym, —k,m
r=ry;—r,; k:#, (17)
1 2

where Q is the total momentum and Kk is called, by analogy
to the standard Cooper problem, the relative momentum.>
After this transformation, the Hamiltonian and wave function
can be cast to the forms,

h? h?

H=-—V3-

M R 2M . E_G-Zih_oéh_o-?hcor_
Te

O5heor+ VI(r),

(18)

1. .
V(R,r,0,0,) = ‘—/e'QRE ae™ |1 7)[21), (19)
k

where M=m;+m, and pu,.q=mm,/M. Following the stan-
dard procedure, we obtain the equation determining coeffi-
cients a and the eigenenergy E in the form

2 kara(k/
1k
= (20)
Neg+e—LE
where €=%/?Q?/2M, €, =h’k?/2u,, and N is the total

number of particles. The interaction region has to be defined
in a more general way since we want to describe a system
with nonequal Fermi vectors and, possibly, with a nonzero
center-of-mass momentum Q, which is a constant of motion.
We assume that a constant attractive interaction takes place
in the regions of k space for which both particles are at most
at the distance hw, above their Fermi surface, i.e.,

-V, for fkn,szl,fkﬁ,fkéi e [0,hwc]

kar = .
0 in other cases,

21

where k and Q are related to ki, and k, via transformations
(16) and (17) (the same holds for the vectors pairs k', Q and

fszM

ec_r;ll - [(h + hcnr)M - MAI’)’[]

M

hwc—

e(_':lZ - mLz[(h + hcor)M - Iu’Am]

2mHAN
VVok1 r

where C= . In zero magnetic field, we have that C=5—=—

eC—1\m

V p(s
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FIG. 3. (Color online) Interaction region WQ is the common part
of W, and W,+Q shifted by — ’:,IIQ The vectors k,; are defined by
gkm gkaZ |=hoc. Regions which contribute most to the pairing are
marked as the three (green) ovals on the right with §ki,,l_x0‘ For

details, see main text.

1,Kk3). We call Wy, the region in k space in which the inter-
action is nonzero (cf. Fig. 3). It can be shown that WQ
=[w;N (W2+Q)]—%Q, where by adding a vector to the re-
gion in k space we mean the whole region shifted by that
vector. Also, W;={k|0=§&, <hwc}, i=1,2. In this nota-
tion, the equation for the binding energy A=2u—E becomes

N V d*k % d’k

Vo_ﬁ 6Q+€k 2M+A=Q WQ§k1T+§k2l+A’
(22)

From this form of the equation for A, we can deduce that
the regions of reciprocal space contributing most to the pair-
ing are those for which §k o =0 (see Fig. 3). Large part of
the space fulfills this condition if |Q|=Akp=kp —kp,.
Therefore, we can anticipate that the pair will have maxi-
mum binding energy when the pair center-of-mass momen-
tum is close to the Fermi-vector splitting, i.e., when |Q|
= Akp, consistent with the results for the FFLO state.

Equation (22) for the gap A has to be solved numerically
for each |Q| and the final solution in our approximation is the
one with the largest binding energy. In the case of Cooper
pair at rest (Q=0), Eq. (22) can be solved analytically. Such
analytic solution depends on which of the two vectors ky;
=%\e’/2m[(,u+ oh+aihe,+hoe) is larger, namely,

1 (L+ mLec) for k, =k,
1 2 (23)
for k, <k,

and expression (23) properly reproduces the Cooper result

A=2hwc/ [exp(m)— 1], where p(eg) is the average density of states per particle.
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Cooper pair at rest

PHYSICAL REVIEW B 79, 214519 (2009)

Q=0 exchange
of spins
- = o= -
moving Cooper pair
Q=0
exchange
of spins
#

+9

¢-o

FIG. 4. (Color online) Behavior of the spin part of the wave function under transposition of particles labeled 1 and 2 for Cooper pair at
rest (upper row, antisymmetry) and moving-Cooper pair (lower row, no definite symmetry).

IV. DETAILED ANALYSIS OF THE COOPER-PAIR STATE
A. Is the singlet state a proper eigenstate?

As has already been said, Hamiltonian (10) does not com-

mute with the total spin S2. This means that the singlet and
the triplet states are not a good basis for the problem consid-
ered. Nevertheless, we can still analyze energy for the singlet
spin function (and we can think of it as a superposition of
eigenfunctions with spin parts [17)[2]) and |1])27)). This
means, we can take a particular solution in the form

W(ry,r),01,0,)

1 . ) 1
= ;E{z s (D21 = [1DRT)).
(24)

Solution of the Schrodinger equation in this case is quite
cumbersome and will not be presented in detail here. It can
be shown that for the resulting equations not to be contra-
dicting, the interaction has to be introduced as nonzero in the
region (for derivation, see Appendix B)

W*:{kz Kma =Ko Wy Ak,
my +my
eW,N W, AQ=k;+k,, (25)
or equivalently,
W:WQm<—WQ+Q%). (26)

The replacement of WQ with W* presents the only differ-
ence in the case of pure singlet state, with respect to the that
for the specific-spin state |17)|2]) or |1])|27). This interac-

tion region coincides with V_VQ if and only if Q=0. As a
result, the energy of the singlet state in the case of Cooper
pair at rest is identical to the energy for the specific-spin
states. For a moving pair (Q # 0), the interaction region is
reduced, and the binding energy for the singlet state de-
creases rapidly with increasing |Q|, whereas that for the
specific-spin states can become even larger (see Fig. 5).

B. Quasiparticle distinguishability

The wave function of fermions has to be antisymmetric
with respect to transposition of spin and space coordinates

(r, o) < (r3,07). (27)
For the Cooper pair this implies that
\I,(rhrZ’ 0-1’0-2) == \I,(r29r190-27 0’]) . (28)

It turns out that the Cooper pair at rest (with the singlet
spin part) has proper symmetry even for m; #m,, a very
interesting result. As long as Q=0 leads to the minimum-
energy state, the wave function is antisymmetric and de-
scribes indistinguishable quasiparticles.

For sufficiently strong applied magnetic field, the state
with Q # 0 becomes stable and the pair has to be either in the
[17)]2]) or [1])|27) state. Such wave function does not have
the symmetry (28) and the transition to spin-distinguishable
quasiparticles takes place. The difference between the two
situations has been illustrated in Figs. 4 and 5; the former
providing the connection of the wave-function symmetry
with the type of the solution.

A word of explanation is most proper at this point.
Namely, the microscopic many-body Hamiltonian (Hubbard
or Anderson lattice, for example) respects the particle indis-
tinguishability. This microscopic model is approximated here
by an effective quasiparticle picture with the SDM.”"1?"14 The
effective Hamiltonian taking into account those masses vio-
lates the indistinguishability in an obvious manner [see rela-
tion (12)]. However, this quasiparticle picture has been con-
firmed experimentally®!” for the normal state. Therefore, this
fact suggests that there is a basic qualitative difference be-
tween the Landau Fermi liquid describing rather weakly in-
teracting fermions and the almost localized (local) Fermi lig-
uid more appropriate for moderately or strongly correlated
particles.

C. Numerical results

In the numerical analysis of the Cooper-pair state, we as-
sume the following values of parameters, emulating the
heavy-fermion systems: 1n=0.97, Vy,=161 A3, m,,
EmBll_fr/f:lOOmo (all taken for CeColns). Also, we take

hw-=100 K and V,=93 K. Additionally, for sizably differ-
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FIG. 5. (Color online) Binding energy of the specific-spin (solid lines) and singlet states (dot-dashed lines) as a function of the
center-of-mass momentum Q and for selected values of the applied field. Note a rapid decrease in the binding energy of the singlet state. The
bound state with |Q|# 0 becomes stable above the field H,=2 T. The arrows mark the state with maximum value of binding energy.

ent values of iwe, another maximum in the binding energy
appears (between Q=0 and |Q|=Ak), with binding energy
maximally 5 mK higher than that for Q=0. Therefore, with
this third solution no new physics is incorporated in our
study, and it might only blur the image presented. For the
assumed parameters, the chemical potential is u=140 K,
i.e., of the same magnitude as iw, and V. The relative value
of the parameters is of no primary importance here since the
solution is of nonperturbational nature.

Solution of the gap equation (22) provides us with the
dependence of A on the Cooper-pair center-of-mass momen-
tum Q, in an applied field H,, as shown in Fig. 5. For the
fields above 2 T, the maximum binding energy appears for
|Q|=Akp. Note that the full singlet configuration (dot-
dashed lines) has much smaller binding energy than the
specific-spin state (solid lines).

The binding energy as a function of the field is plotted in
Fig. 6. The case with SDM gives rise to much higher critical
fields above which the pair is destabilized by the Pauli effect.
The reason behind this robustness of the state for Am#0 is

5

—— Q =0 (specific-spin)

4l —— Q=0 (singlet)
< | —— Q =0 (analytic)
3 3 TN e 0
| N N\ 0
c
@
2?2
o
£
o 4

0 1
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Magnetic field (T)

FIG. 6. (Color online) Pair binding energy as a function of the
magnetic field for the cases with the spin-dependent (solid lines)
and the spin-independent (dot-dashed lines) masses of quasiparti-
cles. Note higher critical fields (as marked by the solid circles on
the x axis) for pair breaking in the former case. Analytic solution
reproduces properly the dependence for Q=0 state. The uppermost
solid circle marks the transition from Q=0 to |Q|=Ak. The state
with Am=0 and Q#0 is nonphysical and is presented for
comparison.

the smaller Fermi-wave-vector splitting Ak for this case (cf.
Fig. 1), which in turn leads to the larger interaction region

Wgq. One can say that the effect of SDM acts in the opposite
direction than the Zeeman-term influence and compensates
this influence to a degree.

The optimal momentum value |Q| vs H, is displayed in
Fig. 7. One observes a discontinuous change in |Q| above the
field =2 T from |Q|=0 to |Q|=Akg. Above this point, the
specific-spin-wave function provides the stable solution. At
the same time, we have a transformation from the spin-
indistinguishable to spin-distinguishable quasiparticles. In
this manner, we have a model situation in which the question
of distinguishability of quasiparticles can be investigated.

D. Overview of the Cooper-pair problem

We have presented the solution of the Cooper-pair prob-
lem with SDM. The Hamiltonian has been formulated in two
ways: with the scalar masses and with operator masses; the
latter being more appropriate for the study of the two-particle
pairing. The latter Hamiltonian also allows for systematic

-
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FIG. 7. (Color online) Optimal Cooper-pair center-of-mass mo-
mentum versus magnetic field. For high enough fields, |Q|=Akp.
The regimes with spin-singlet and specific-spin-wave functions are
also shown. The solid circle at the end marks the Pauli limiting
critical field.
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studies of the question of quasiparticle-spin distinguishabil-
ity. The resulting stable solution has an antisymmetric wave
function and describes the spin-singlet state for Cooper pair
at rest (Q=0), even if m; #m,. However, for (and only for)
Q=0, the singlet solution is energetically degenerate with the
specific-spin solution. For higher magnetic field, the solution
with Q=0 becomes energetically unfavorable, and this is
why the transition to a moving-Cooper pair takes place. The
moving-Cooper-pair wave function has no definite transposi-
tion symmetry in the spin coordinates. Therefore, this transi-
tion is a typical transition to a broken-symmetry state in the
Landau sense since the starting Hamiltonian with the effec-
tive masses in the operator form [cf. Eq. (10)] is written in a
spin-symmetric form. With the transition to a moving-
Cooper-pair state, there also appears that from indistinguish-
able quasiparticles to their spin-distinguishable correspon-
dants. This also leads to the admixture of the triplet
component with $°=0 to the singlet state for Q #0, as the
specific-spin_function is a superposition: [17)|2)=(|singlet)
+|triplet))/v2. We think that the quasiparticle-spin distin-
guishability is thus indispensable, as the quasiparticles have
different masses which represent their external characteristic,
with the value of spin quantum number labeling them.

V. PAIRED STATE OF QUASIPARTICLES IN ALMOST
LOCALIZED FERMI LIQUID

A. General remarks on the pairing nature

At present, two principal nonphonon mechanisms of pair-
ing have been applied to strongly correlated electron sys-
tems. The first of them is the real-space pairing based on
either ¢/ model and applied to high-temperature
superconductivity?* or on hybrid pairing applied to either
heavy-fermion® or high-T, superconductivity.?® The second
is based on the (renormalized) paramagnon exchange.?’ In
both cases, the effective pairing potential is explicitly mo-
mentum dependent and this situation results in k-dependent
gap. For the purpose of the present paper, in which we take
the narrow-band limit of the Anderson-lattice model with the
k-independent hybridization matrix element (cf. Appendix
C), the pairing potential near the Fermi level is approxi-
mately constant and thus leads to the s-wave form of the
superconducting gap. Note, however, that the original pur-
pose of the present work is to formulate the language of
description of the systems with SDM and A, present in a
simple situation. Such straightforward formulation leads al-
ready to quite a nontrivial and probably universal mechanism
of the HFLT phase stabilization by SDM (FFLO, for in-
stance).

B. Formulation of the problem

We discuss next the condensed state of the nonstandard
quasiparticles introduced in Sec. II. In the paired state with
isotropic gap, the applied field penetrates only to the London
depth A;, i.e., produces an irrelevant contribution of the spin-
split-mass states onto bulk properties at temperature 7=0.
However, at T>0 the excited quasiparticles will produce a
nonzero moment which should be clearly visible when the
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system approaches the transition temperature 7. Moreover,
SDM should provide an important contribution to the FFLO
superconducting state since in that phase there are normal
regions. Therefore, in the situation with SDM (and with A,
reducing 1), we should observe a robust FFLO phase in high
fields on the expense of the BCS state, as SDM helps stabi-
lizing it (by reducing the Fermi-vectors splitting Ak and by
increasing the critical field due to the presence of h.,). This
is the subject of discussion in the next two sections, as a
result of which we construct the phase diagram on the ap-
plied field H, temperature 7T plane.

We introduce the BCS Hamiltonian with a constant pair-
ing potential of magnitude V/, (for its simple justification, see
Appendix C) and allow for the possibility of a nonzero
center-of-mass momentum Q of a Cooper pair written in the
representation symmetric with respect to both component
quasiparticles composing the Cooper pair’®

. Vo
H= 2 gkoa:arak(r - N E alt+Q/2Taik+Q/2 19-Kk'+Q/2| Kk’ +Q/21
ko kk'Q
N
+ —mhg,, (29)
n

with &, given by Eq. (1) taking into account the different
quasiparticle masses. The magnetic field is accounted for
only via the Zeeman term, as the Maki parameter’” in the
systems of interest is high!> (Pauli limiting case). The inter-
action is assumed to exist only in region =Aw, around the
Fermi surface, more precisely in the region

_ [k + Ky kaT+kal}
W= : : 30
{ 5 5 (30)

where k,, is defined by §k]w’a=—ﬁwc, and ko, by & o
=hwc. Such interaction region has been chosen because its
width does not change significantly with the magnetic field
h. We performed also calculations by selecting the interac-
tion regime differently (namely, by choosing W=[k, 1okar]
and W= [ky1 .k, ]) and have obtained almost the same results.
Hamiltonian (29) is diagonalized with the standard mean-
field procedure followed by the Bogolyubov—de Gennes
transformation of the form

Qg = Ugdg+Q/21 — vkaik+Q/21’ (31)
ali | = UkAk+Q2t t ”kaik.'.Q/z IE (32)
which leads to the diagonal form
i ) Ay N_
H= 2 Ek(rak(rak(r + 2 (&( - Ek) +N + _mhcor’
ko k V() n

(33)

and the quasiparticle spectrum characterized by energies

EkO'=Ek+ 0_5{([1)’ Ek= Y kA)Z + AZ 5 (34)
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S 1 a 1
éﬁ = E(§k+Q/ZT +& k+Q/2¢) fﬁ) = E(me/zT - g—k+Q/2J,)7
(35)
and with
Ag= E (A k4Qr2 AkrQ21) s (36)

being the Q-dependent gap parameter. In the forms (31) and
(32) of the Bogolyubov—de Gennes transformation, the qua-
siparticle operators ay; and ozlfKl are distinguished by the
pseudospin labels T and |. Note also that because of the
presence of ﬁ(a), there are regions of reciprocal space for
which E, =0, which represents nongapped excitations. The
gap parameter A, is determined from the self-consistent gap
equation

_ %E 1 - f(Exy) _f(Ekl)A (37)

2E,

The Bogolyubov transformation coherence factors in Eqs.
(31) and (32) are given by

) l g)]uz _{l< ﬁ)}m
I/lk—|:2<1+Ek , U= 2 I—Ek . (38)

Finally, the complete set of equations determining the su-
perconducting state properties is as follows,

F=—kyT, In(1 + e Pko) + > (& - NA— +uN
ko k V
+Nan (39)
n
Wy 1 aé”( é“‘))

cor NkEo' f(Eko o N% o Ek > (40)
= NkEU of(Ex,). (41)

Vo 1= flE) - fEx)
= Ek‘, 25, A (42)

n=ny e = S E) + ol BT (@43)
ko

where F(T,H,:heo.i,n,Aq) is the system free energy for
the case of a fixed number of particles.?® Similarly as for the
noninteracting Fermi sea, Eqs. (40)—(42) are equivalent with
0F19m=0, dF/ h.o,=0, and 0F/dAn=0, respectively. In ef-
fect, the numerical analysis involves solving the system of
four integral equations. Note also the presence of two differ-
ent effective chemical potentials w,=u+oh, for particles
with spin up and spin down in the spin-polarized situation.
This is an unavoidable consequence (cf. Refs. 7, 8, 12, and
30) of the slave-boson formalism used to derive expression
for the mass (2) and dispersion relation (1). Parenthetically,
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we have also performed calculations by disregarding the dif-
ferent effective chemical potentials (i.e., we have put A,
=0) and the results obtained were nonphysical (the free-
energy jump occurred at the BCS-FFLO phase transition).
Obviously, the physical chemical potential is u and is deter-
mined from the neutrality condition (43).

The physical solution is that with a particular Q which
minimizes the free energy (39). The state with Q=0 is called
the BCS state and that with |Q|# 0 as the FFLO state.

VI. NUMERICAL ANALYSIS AND DISCUSSION

We assumed the following values of the parameters, emu-
lating the heavy fermion systems n=0.97, V=161 A3, m,,
=100m,, (data for CeColns), Aw-=17 K, and V;=93 K. The
characteristic energy scale associated with spin fluctuations
in CeColns is Ty=10 K (Ref. 31)—a value comparable to
our Aiwe. For those parameters, the chemical potential was
equal to =140 K. This means that V)~ € and the (weak
coupling) BCS approximation can be regarded only as a
proper solution on a semiquantitive level at best. Further-
more, for the values of parameters one can calculate the cou-
pling constant p(,u) Vy=0.48 and the coherence length at T’
=0 K, &=40 A, both already at the border of the strong-
coupling limit. Also, such values have been taken to obtain
the critical temperature 7,=2.3 K.

We now discuss the phase diagrams for the cases of SDM
and SIM which are exhibited in Figs. 8(a) and 8(b), respec-
tively. Both the BCS (state with Q=0) and the FFLO (Q
#0) phases extend to much higher fields if the masses are
spin dependent. This is a consequence of the smaller Fermi-
vector splitting Ak for the SDM case [cf. Fig. 1(d)]. The
most interesting is the fact that in the SDM situation, the
FFLO state becomes much more robust compared to BCS
state, especially for T7=0. The reason for this is as follows.
The superconductivity in the Pauli limiting case is destroyed
by the Fermi-vectors splitting Ak [cf. Fig. 1(d)]. This split-
ting in the case of SDM is generally smaller (in this respect,
SDM compensates the effect of the Zeeman term), hence the
higher critical fields. However, for the masses to depend on
spin, the magnetization m=ny—n| has to be nonzero, and in
the BCS state around 7=<0.5 K magnetization is close to
zero (see Fig. 9) what weakens the mass dependence on spin
and in effect produces larger Akg. Therefore, the BCS state is
not enhanced much by SDM in that temperature interval. In
the FFLO state, on the other hand, the magnetization is non-
zero even at 7=0 K. This is because in the FFLO state, there
are regions with unpaired quasiparticles in the reciprocal
space. The FFLO state becomes stable in this regime, as a
result of a smaller Fermi-vectors splitting.

Another interesting feature is the fact that with increasing
temperature, the transition from BCS to FFLO state occurs at
high fields [cf. Fig. 8(a)] consistent with experimental
results.!® It can also be easily explained. As temperature in-
creases, the magnetization in the BCS state increases, allow-
ing a substantial mass difference, and decreasing the Fermi-
wave-vectors  splitting, enhancing  superconductivity.
Therefore, the BCS state benefits from the smaller Ak for
SDM at higher temperatures (7=0.5 K) and becomes more
stable in this regime.
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FIG. 8. (Color online) Phase diagram for the cases with the (a)
spin-dependent and the (b) spin-independent masses. Light (yellow)
region corresponds to Q=0 (BCS phase), the darker (blue-red) one
to Q#0 (FFLO phase), and the white to normal state. Note that
with increasing temperature, the transition from BCS to FFLO state
occurs at higher fields, in qualitative agreement with experimental
results (Ref. 15). The FFLO phase is stable in an extended H,-T
regime only in the SDM case.

Systematic evolution of the pure spin magnetization in the
condensed state is shown in Fig. 9 (the orbital part is not
included). It increases at the BCS-FFLO border at lower T,
as one would expect.

In the panel composing Fig. 10, we plot the gap magni-
tude A and the magnitude of the wave vector Q for SDM
and SIM cases. The behavior of the order parameter A dif-
fers substantially in these two cases. Namely, there is no
jump of Ay at BCS-FFLO transition for SDM, whereas for
SIM this transition is always discontinuous. Transitions from
superconducting to normal state are continuous for the case
of SDM in disagreement with the experimental results.'> The
reasons for this discrepancy are discussed in the next section.

Finally, in Fig. 11, we show the correlation-field depen-
dence. It can be seen that for BCS around 7=0 K this field
is close to zero then increases and approaches for H,— H,,
the value for the unpaired Fermi sea, denoted here as /,gg.

VII. OUTLOOK AND CONCLUSIONS

We have analyzed superconducting states of a three-
dimensional gas of heavy quasiparticles with (SDM) and
without (SIM) the spin-dependent masses. Despite the sim-
plicity of our model (parabolic dispersion relation, constant
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FIG. 9. (Color online) Spin magnetization as a function of tem-
perature and applied magnetic field. For 7=0-0.5 K, the magneti-
zation in the BCS state is small than it increases with the applied
field after the continuous BCS to FFLO transition. For higher tem-
peratures, magnetization in the BCS state becomes substantial and
this produces a higher critical field for the BCS-FFLO transition for
T=0.5 K.

pairing potential, s-wave gap, and single narrow-band
model), qualitative results obtained are very meaningful for
the FFLO phase detectability and should hold for more gen-
eral and realistic models and other HFLT phases. This is
because the spin-dependent factor renormalizing mass is k
independent, as is A, and they are obtained in a self-
consistent manner from global equations integrated over k.
In effect, their values should not be influenced strongly by
the details of the bare electronic structure.

The most striking result is the fact that for the case of
SDM, the FFLO state becomes stable in much wider range of
applied field and temperature. We believe that the mecha-
nism of stabilization of the FFLO state by SDM is universal.
Therefore, it should also apply to other unconventional
HFLT phases such as, for example, the mixed staggered
mr-triplet SC+d-wave singlet SC+SDW phase proposed very
recently.?” This is because in such phases the spin magneti-
zation is always higher than for the conventional BCS
(s-wave or d-wave) state.?%32 Those phases will benefit, even
to a larger extent, from the compensation of the Zeeman
effect by SDM, on the expense of the BCS phase, as dis-
cussed earlier.

The detailed application of our results to concrete systems
is rather limited. This is because three topics require still a
conjoined analysis from the theoretical side. This is the in-
clusion of the singlet-triplet mixing in the FFLO phase,?*3
as mentioned in the Cooper-pair case (cf. Sec. III). Associ-
ated with it is the problem of magnetism appearing in the
normal portion of the system in the FFLO state. Third, we
have to introduce d-wave symmetry of the superconducting
gap. Inclusion of those factors introduces additional self-
consistent integral equations making the whole approach
much more complex from the numerical side. Then, one has
also to carry out the whole procedure for a realistic (quasi-
two-dimensional) electronic structure. The inclusion of mag-
netism should result in the first-order nature of the BCS-
FFLO phase boundary.!®?° We should be able to see a
progress along these lines in the near future.
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FIG. 10. (Color online) [(a) and (c)] Left: gap parameter A as a function of temperature and magnetic field for SDM (up) and SIM
(down). All transitions for SDM are continuous. [(b) and (d)] Right: Cooper-pair momentum in the FFLO state in units of the Fermi-wave-
vector splitting Ak for SDM (up) and SIM (down). Note that for the FFLO phase, the momentum |Q| changes continuously (with transition
BCS-FFLO), contrary to the case of SIM. Typical value of the momentum is |Q|=~ Akp.

The nature of the HFLT unconventional phase in the
heavy-fermion system CeColns is still unclear. Some studies
suggest FFLO character,* others reject it.>> We claim that
whatever this state really is, it may be stabilized by the SDM
due to its higher spin susceptibility.’?> So far the observation
of FFLO phase in organic metal has been confirmed,*® but no
spin dependence of the effective mass has been investigated
for those systems.

To conclude, the simultaneous observation of the spin-
dependent masses and of an unconventional HFLT supercon-
ducting phase in the same system should not be regarded as
coincidental. Hence, other unconventional HFLT phases may
be searched for in the systems in which spin-split masses
have been observed and vice versa.
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APPENDIX A: ELEMENTARY DERIVATION OF THE
SPIN-DEPENDENT MASS ENHANCEMENT FACTOR

The mass enhancement factor in a strongly correlated sys-
tem can be understood on the intuitive ground in the follow-
ing manner. Usually, it is the most decisive factor in deter-
mining the quasiparticle density of states,”'>!* so the
argument is carried out for featureless (rectangular) form of
the density of states in the bare band (here taken per site and
one spin direction), i.e.,

1

w
0 otherwise,

—_ << <<
2_6_

=

for —

ple) = (A1)

where W is the bare bandwidth. In such situation, the bare
band energy per site is

(A2)
where the chemical potential is defined from
u
nU=J W ple)de. (A3)

On the other hand, for strongly correlated electrons (U
— ), the corresponding energy of itinerant electrons is
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FIG. 11. (Color online) Left: correlation field in units of the field
obtained for noninteracting Fermi sea with SDM included. Note
that as H,— H_,, the correlation-field value approaches the one for
the unpaired Fermi sea. Right: correlation field in absolute units. It
is negative, i.e., it acts opposite to the applied magnetic field.

Ep : E/
(W)Uﬁm__(z )% ng(1-n).

The factor (1-n) expresses the fact that the hopping of
the electron between the neighbors takes place when there is
no other electron present on neighboring site. Combining
Egs. (A2) and (A4), one can write down that

E %
(ﬁ)U%=—(;)§ dote(l=n)= 2 qois

k<kp,o
with g,=(1-n)/(1-n,) is the spin-dependent k-independent
renormalization factor. We write now the quasiparticle en-
ergy in the form Ekzr=Q(rEkE €t (q(r_ 1)6kE 6k+21r(€k)s
where 2 (¢, is the self-energy part (its real part) induced by
the correlations. Defining the mass via the standard Fermi-
liquid relation,
92 ,(w)

(e e 2

—g =14+ —&=
mpg Jw

we obtain that m*=m,=my and 1/q,=mg(l1-ny)/(1-n),
which is equivalent to Eq. (2). The spin-dependent masses of
this form appear in either Gutzwiller’ or slave-boson
approaches!? which reduce to the Gutzwiller-ansatz results in

the paramagnetic case. They do not appear in the simple
slave-boson approach®’ but then the overall quasiparticle

(Ad)

(AS)

, (A6)

w= Ek
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mass depends on the applied field. The appearance of the
effective field A, (Refs. 7, 8, 12, and 30) arises from a
constraint on the number 7, of fermions, in direct analogy to
the introduction of chemical potential in the grand-canonical
approach.

APPENDIX B: PAIR BINDING ENERGY FOR GENERAL
ANTISYMMETRIC STATE

We consider here the most general wave function anti-
symmetric with respect to transposition of particles (27) and
show that its binding energy decreases with the increasing
center-of-mass momentum Q and is lower than the energy of
the specific-spin state (9). In the main text, we refer to this
solution as to the singlet (which is a specific case of the
considered—here—general function) because we would like
to recover the standard singlet solution in the H,=0 limit.
Spin states with a well-defined transposition symmetry (sin-
glet and triplet with $*=0) are described by the following
wave functions:

Xs(oy,00) = (B1)

1
\_5(“ D21 =[1D121)),

xi{oy,00) = (B2)

1
—=(IDRD+[1D21).
V2

Therefore, we can expand the general antisymmetric wave
function in the basis of singlet and triplet wave functions,

W(ry,ry,00,0,) = )\q)s(rl,l'z))(s(o'bo'z)

Ny (1, 1)) x7(071,0), (B3)
where ®g is symmetric and ®, is antisymmetric under
(ry<>rp) and \ is characterizing the degree of mixing. We
underline once again that Eq. (B3) is the most general anti-
symmetric wave function.

We express the functions @, and ®g as a superposition
(we take V=1 for simplicity),

32 ikyry+ikyr ikqry+ikyr
VI=ND,(rq,rp) = 2 akl,k2(€' ri+ikory _ pikyrptikory)
Kk,

(B4)

)\Cbs(l'hl'z) — E Bkl’kz(eiklrlﬂkzrz_l_eik1r2+ik2r1). (BS)
ky.ky

Therefore, the wave functions have the proper symmetry
by construction. Setting either akl’k2=0 or ,Bkl’k2=0, we ob-
tain the singlet or triplet wave functions, respectively. Note
that the binding energy for the triplet state vanishes for the
s-wave pairing. We consider the Cooper problem with the
wave function (B3) and Hamiltonian in the form (10).

As we already have said, the natural basis of the spin-
wave functions is spanned by the specific-spin-wave func-
tions. For this reason, we transform the wave function (B3)
to the form
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‘I’(I‘l,l‘z, 0_1’0_2) — ik1r2+ik2r1)

2 [Ovg,e

ky.ky

XTI L) = (e e e 11k

ikqry+ik,r
iRt Yklskze

+ Nk, @I )27)], (B6)
where the new coefficients are given by

Nk, = Bi,k, T O k> (B7)

Vi ky = Bk, ~ U k- (B8)

Following the standard but cumbersome procedure, we
obtain the following two equations for those expansion co-
efficients:

| > N+ Yok Q(amnn) Virk
k

At + Yok QAmM) = 202 s
#2Q*
N oM 2,L —2u-E

(B9)

Nt + Yok +Q(Am/M)

1 2 O+ Votea@amin) Vikr+Qam ) Tk Q(amin)]

- Q 22
ol hzzw"'z
Mred

-2u-E
(B10)

For the above equations not to be contradictory, the ma-
trix elements of the pairing potential have to be identical,

VIk +Q(amm) [-k+Q(amm)] = Virk- (B11)

If this condition is fulfilled, Egs. (B9) and (B10) are
equivalent. We introduce the potential in the standard form
with a constant attraction,

. B12
for k € W'vKk' & W' ( )

Now, the condition (B11) is fulfilled if and only if W* has
the following property:

-V, for kk' e W*
ka/ = O

W= W QA (B13)
=—W+Q—.
M

Clearly, the region WQ is not a good choice for W, but by

making use of it we can construct a proper interaction region
as follows:

Such interaction region has a physical meaning, as we can
rewrite it in the form

S WzﬂWl/\Q:kl‘l'kz},

kym, —kymy

kl S WlmWZ/\kz

mg +m2

(B15)
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Wi= {k|0 = gko-i = ﬁa)c}, = 1,2, (B16)

meaning that the interaction takes place in the regions of the
k space, for which not only both particles are at most 7w,
Fermi level but also if we exchanged their wave vectors
(k; < k,), they are still at most Zw above their Fermi sur-
face.

The equation for the binding energy can be obtained from
Eq. (B9) after summing up over k' € W* and dividing by
Sk e w (Nt YokrQ(ammn)- In effect, we have that

N 1

—=> ;
V. h!! 12k>
O kew 2m Topg

(B17)
-2u-FE

This equation has the same form as the one obtained for
the specific-spin state, the only difference being the appear-

ance of the interaction region W* instead of WQ. From this
very fact follows automatically the lower binding energy for

the antisymmetric state (B3), as W*C V_VQ. For the case of the
pair at rest (Q=0), both states (specific-spin and antisymmet-

ric) have equal binding energy because then W*= V_VQ=O. The
numerical results show that the binding energy of the anti-
symmetric state decreases linearly with the increasing Q (see
Fig. 5).

APPENDIX C: NARROW-BAND LIMIT OF THE
ANDERSON LATTICE FOR U— «

In this paper, we consider the narrow-band limit of the
Kondo-lattice state. Such limit has been considered earlier;2
here we provide a simple analytic argument. For the sake of
simplicity, we consider only 2=0 case but also include the
hybrid pairing due to the Kondo-type coupling in the strong-
correlation limit. The starting Hamiltonian with the term
~V?/U included has the form

2 - ncmo-cn0'+ EfE Nw' + VE (f)ac + C‘afzo

(m,n)o

2 EHEH >

Cl
Ef+U ( )

where the first term represents the band energy of conduction
electrons, the second is the atomic energy of f electrons
(ﬁm_ﬁfm) the third is the hybridization part, and the last is
the local pairing with b= (1/\2)(fTCtL llcﬁ) The tilted
operators exclude the double occupanmes of f states, i.e.,

fm‘ fm(l fgfl(r) and (1 f‘gfl(") U is the magnl_
tude of the Hubbard f f 1nteract10n. In the slave-boson
saddle-point approximation, this Hamiltonian representing
the states in the lowest hybridized band reduces to

17 _ ¥
H =2 Ex_aj,ay,
ko

4v? V2
€+ Ukk’ [(& — gf)z " 4‘72]1/2[(61(, _ Ef)z " 4‘72]1/2

(C2)

XaiETaiEla_k/lakyT,

where
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E_=—{e+e—[(6 - &) +4V2]"%} (C3)

N | =

and the Ef and V are the renormalized quantities € and V,
respectively.
Taking in the pairing part, the k states close to the bare

Fermi energy, we have that g —¢€~—¢€,~ V and under these
circumstances the Hamiltonian (C2) reduces to the BCS
form with &y ,= fi., and a weakly k-dependent pairing po-
tential, which is approximated by a constant V, in the main
text [cf. Eq. (29)]. This approximation is justified also be-
cause the maximum pairing amplitude is achieved for ¢

PHYSICAL REVIEW B 79, 214519 (2009)

=€, when the k-dependent ratio reduces to 4V2. The detailed
estimate of Ey_ and of the pairing potential in terms of the
effective Kondo temperature is more subtle.?> Roughly, the
bandwidth of the heavy-quasiparticle band (of f electrons)
can be estimated as due to f-f hopping between the sites (ij)
and is (V/€)’t,;=q(V/ €)1, (since gV?=V?). This is because
it represents the three-step hopping sequence between neigh-
boring f states via conduction c¢ states: f—c transition fol-
lowed by a hopping in ¢ band and a subsequent ¢ — f de-
excitation. One should underline that such simple form of the
pairing part appears only if the main contribution to the hy-
bridization V=V, is of intra-atomic (i=m) character.
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