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Motivated by a recent London penetration depth measurement [H. Kim, et al., Phys. Rev. Lett. 114,
027003 (2015)] and novel composite pairing scenario [O. Erten, R. Flint, and P. Coleman, Phys. Rev.
Lett. 114, 027002 (2015)] of the Yb-doped heavy fermion superconductor CeColngs, we revisit the
issue of superfluid response in the microscopic heavy fermion lattice model. However, from the liter-
ature, an explicit expression for the superfluid response function in heavy fermion superconductors is
rare. In this paper, we investigate the superfluid density response function in the celebrated Kondo—
Heisenberg model. To be specific, we derive the corresponding formalism from an effective fermionic
large- N mean-field pairing Hamiltonian whose pairing interaction is assumed to originate from the ef-
fective local antiferromagnetic exchange interaction. Interestingly, we find that the physically correct,
temperature-dependent superfluid density formula can only be obtained if the external electromagnetic
field is directly coupled to the heavy fermion quasi-particle rather than the bare conduction electron
or local moment. Such a unique feature emphasizes the key role of the Kondo-screening-renormalized
heavy quasi-particle for low-temperature/energy thermodynamics and transport behaviors. As an
important application, the theoretical result is compared to an experimental measurement in heavy
fermion superconductors CeColns and Yb-doped Ce;_, Yb,Colns with fairly good agreement and the
transition of the pairing symmetry in the latter material is explained as a simple doping effect. In
addition, the requisite formalism for the commonly encountered nonmagnetic impurity and non-local
electrodynamic effect are developed. Inspired by the success in explaining classic 115-series heavy
fermion superconductors, we expect the present theory will be applied to understand other heavy
fermion superconductors such as CeCuySis and more generic multi-band superconductors.
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dimensional heavy fermion superconductor CeColns,

1 Introduction

Superfluid density, or London penetration depth mea-
surement, is a fundamental experimental tool to de-
tect low-temperature superconducting quasi-particle ex-
citation in the highly entangled unconventional pair-
ing ground-state [1-3]. The low-temperature behavior
of such a quantity has provided invaluable information
about the pairing symmetry for high-7, cuprate, iron
pnictide, and heavy fermion superconductors [4-13].

In the field of heavy fermion compounds, the
power-law temperature dependence of superfluid den-
sity has been widely observed in the classic quasi-two-

*arXiv: 1511.04167.

with a remarkably high 7, = 2.3 K [7-12, 14]; al-
though its detailed power-law behavior is still contro-
versial due to proximity to possible magnetic quantum
critical points [7—11]. By combining thermodynamic and
transport measurements, such as heat capacity [15, 16],
thermal conductivity [15, 17], dc magnetization [18],
NMR [19], tunneling spectrum [20], and the observa-
tion of a characteristic (m,7,7) spin resonance mode
and quasi-particle interference signal [21-24], CeColn;
is now believed to be a nodal-d,>_,2-wave superconduc-
tor, which has remarkable similarity to the well-known
high-T, cuprates.

Recently, London penetration depth measurements of
Yb-doped CeColns, i.e., Ce;_, Yb,Colns, have been per-
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formed and, unexpectedly, the power-law behavior is
gradually replaced with a fully gapped exponential be-
havior for increasing Yb-doping [13]. (However, a recent
thermal conductivity measurement implies the nodal d-
wave is robust and no pairing symmetry transition exists
[25].) Such a surprising experimental finding is explained
to be a change of pairing symmetry and even inspires an
exotic local pairing scenario involving a composite molec-
ular superfluid and Lifshitz transition of nodal Fermi sur-
face [26].

However, when we try to understand the superfluid
response in those heavy fermion superconductors from
a theoretical standpoint, an explicit expression of the
superfluid response function in the literature, partic-
ularly for the microscopic model Hamiltonian, is rare
despite widespread and intensive experimental explo-
ration. However, some phenomenological Fermi liquid-
based arguments and superfluid density formulae of com-
posite pairing do exist [27, 28]. In the present study,
we investigate the superfluid density response function
in the celebrated microscopic Kondo—Heisenberg model
[29]. Specifically, we give a detailed derivation of the cor-
responding formalism from an effective fermionic large-
N mean-field pairing Hamiltonian [30, 31], whose pair-
ing interaction is assumed to originate from the effec-
tive local antiferromagnetic exchange interaction [32].
However, more conventional antiferromagnetic spin-
fluctuation-exchange and resonance-valence-bond (RVB)
theories give rise to the identical effective pairing Hamil-
tonian [29, 30, 33-36].

We find that the physically correct superfluid den-
sity formula can be obtained without any unsatisfactory
breakdown only if the external electromagnetic field is
assumed to directly couple to the heavy fermion quasi-
particle rather than the bare conduction electron or lo-
cal moment, see Fig. 1. Generally, this is the underlying
feature when considering low-temperature/energy ther-
modynamics and transport; the physical fermionic exci-
tation should be the (composite) heavy fermion quasi-
particle [37], which results from nontrivial renormaliza-
tion of collective Kondo screening effect. For super-
fluid density response considered in the present work to
match the temperature/doping evolution of the super-
conducting heavy quasi-particle in the superfluid den-
sity formula, characteristic quantities, such as effective
velocity and mass, have to describe the heavy quasi-
particle, whose pairing drives the superconducting insta-
bility. These findings are presented below and contribute
to the active field of heavy fermion systems.

As a crucial application of the derived superfluid re-
sponse formula, we revisit undoped CeColns and Yb-
doped Ce;_,Yb,Colns. For the former, there is good
agreement between theory and experiment, confirming
the present theoretical formalism that underlies the dom-
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Fig. 1 The external electromagnetic field, A, may cou-
ple to conduction electron (c-electron), auxiliary fermion
(f-electron), and, more directly, the heavy fermion quasi-
particle (large tadpole). Only the heavy fermion quasi-
particle coupling is found to be responsible for realistic su-
perfluid response in heavy fermion superconductors.

.
i

inating heavy fermion excitations. Furthermore, when
applied to the latter, we successfully explain the doping
evolution of pairing symmetry in Ce;_,Yb,Colns as a
simple doping effect by investigating its pairing strength.
The calculated temperature-dependent superfluid den-
sity in both nodal d-wave and nodeless s-wave states is
consistent with available measurements [13], which is a
nontrivial confirmation of our theory. In addition, we
have derived related formulas for general nonmagnetic
impurities and non-local electrodynamic effects, which
may be useful in realistic applications, e.g., La- and Nd-
substituted CeColns [13].

Having succeeded in explaining prototypical 115-series
heavy fermion superconductors, we believe that the pro-
posed formalism for superfluid response can be applied to
understand other heavy fermion superconductors, such
as the prototypical compound CeCusSis and PrOs,Sbys
with possible time-reversal-symmetry breaking [38, 39],
if proper modification and extensions are included. More
generally, it is expected that our theory may also be use-
ful for other multi-band superconductors, i.e., iron pnic-
tide and LaOs4Sb2 [6, 40].

The remainder of this paper is organized as follows.
In Section 2, the Kondo—Heisenberg model is introduced
and its mean-field normal-state Hamiltonian is derived.
In Section 3, the pairing interaction is discussed and the
corresponding pairing Hamiltonian is derived. In Section
4, three different superfluid density formulas are derived
and analyzed. We focus on the application of our the-
ory to the heavy fermion superconductor CeColns and
its doped compound Ce;_,Yb,Colns in Section 5. In
Section 6, both the impurity effect and non-local effect
are discussed. Finally, Section 7 is devoted to a brief
discussion and conclusion.

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)
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2 The Kondo-Heisenberg model and its
normal-state Hamiltonian

The standard definition of the Kondo—Heisenberg model
reads [29, 41]

H=Y cicl oo+ Jxy S¢S +dud SI-s!

ko i (i.3)

For simplicity, the system is located on a regular square
lattice and the resulting conduction electron band is
ey = —2t(cosky + cosky) + 4t' cosky cosk, — p with
chemical potential, . Extension to other lattices, such
as triangular or honeycomb lattices, is straightforward
[42, 43]. Next, we use fermionic representation to rewrite
the degree of freedom of f-electron local spins as Sif =
%Zw, fZTUTW/ fior, where 7 is the standard Pauli ma-
trices. If magnetism and Kondo screening are required
to treat on the same footing, the supersymmetric rep-
resentation of local spins is helpful and it is of inter-
est to see whether this novel method can be applied
to heavy fermion superconductivity [44]. Moreover, to
exclude nonphysical charge fluctuations of the auxiliary
fermion, f,, it is crucial to enforce the local constraint
o f;afio = 1 at each site.

Physically, this model describes two competing ten-
dencies. The first is Kondo screening, which leads to
the formation of a collective spin-singlet state among
local moments and conduction electrons. The second
is the short-range antiferromagnetic fluctuations intro-
duced by the Heisenberg interaction between local mo-
ments. The observed complicated phenomena in diverse
heavy electron systems are believed to be captured by
these two active factors. To obtain qualitatively correct
information in the paramagnetic heavy fermion liquid
state, the fermionic large-N or slave-boson mean-field
theory is widely utilized [45, 46]. Here, we use the for-
mer to obtain an effective mean-field Hamiltonian.

2.1 Mean-field model in the paramagnetic state

After performing the standard large-N mean-field ap-
proximation [35, 41], we obtain the following Hamilto-
nian

o= Z [Ekc'l];;o'cka + kalzgfka
ko
JrV

3

(chofro + Flycra) | + Eo. (1)
Here, the Kondo screening effect is encoded with an ef-
fective hybridization between conduction electron and
local spins via V = —Zg<c;rg fio). Meanwhile, local
spins acquire dissipation xx = Jgxne + A with 7, =

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)

cos k; + cos k, due to the formation of nearest-neighbor
valence-bond order xy = > _( f;fg fjo). Intuitively, such
valence-bond order reflects the quantum dynamics of dis-
ordered local spins, which competes with magnetic long-
range order. In addition, the Lagrangian multiplier, ), is
introduced to impose the local constraint on average and
a constant energy shift, Fo = Ny(JxV?/2 + Jgx? — \),
where the number of lattice sites, Ny, is included.

Using the following quasi-particle transformation rela-
tion

Cho = QpAke — BiBo

fka' = 6kAk‘U + akBkUa (2)
where af = $(1+ k), B =3(1- B, By =

%, and Eor = /(ek — xx)2 + (JxkV)2. The original
Hamiltonian, Eq. (1), is transformed into a diagonalized

Hamiltonian

H =Y "(Bf A}, Ao + B} Bl Bio) + Eo, (3)
ko

where E,:f = %(5k + Xk £ For) is the quasi-particle energy
for quasi-particles Ay, and By, respectively.

3 Pairing interaction in the Kondo—
Heisenberg model

We are mainly interested in the superfluid response in the
corresponding superconducting pairing phase; therefore,
a proper superconducting model is required to perform
any realistic and sensible calculation.

It has long been proposed that the introduced Heisen-
berg interaction can mediate spin-singlet pairing between
conduction electrons via the pairing of auxiliary fermions
in the present Kondo—Heisenberg model [24, 29, 30, 47].
Microscopically, the underlying mechanism of auxiliary
fermion pairing can be attributed to the celebrated RVB
state or, alternatively, the spin-fluctuation-exchange the-
ory [33-35, 48]. However, to date, there is still no con-
sensus on the mechanism of such an unconventional pair-
ing and we must reconsider this issue with a more phe-
nomenological approach [37].

Theoretically, in both RVB and spin-fluctuation-
exchange theory, the superconducting pairing is induced
by a particular effective antiferromagnetic interaction.
The main difference is that the former emphasizes lo-
cal real-space correlations while the latter is focused on
dynamic exchange of energy/momentum, i.e., the col-
lective antiferromagnetic fluctuations. In practice, since
the observed pairing structure in heavy fermion super-
conductors has a strong momentum-dependent behavior,
one may expect that the driving force of pairing is the
space-dependent part of the effective pairing interaction

127101-3
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rather than its time/energy part. In other words, we may
imagine a real-space pairing interaction and, if we take
the magnetic (fluctuation) nature of interaction into ac-
count, we will arrive at the following phenomenological
local magnetic exchange interaction [32]

Hipye =Y J;;8] - 81

]

The spin density operator denotes the spin degree of free-
dom of the local f-electron, which should result from
the existing RKKY interaction. Furthermore, if only
nearest-neighbor coupling is involved, this term natu-
rally evolves into the Heisenberg term in the Kondo-
Heisenberg model. That is to say that the Kondo-—
Heisenberg model itself has already included the basic
element of superconducting pairing.

Now, we can write the Heisenberg interaction term
into its momentum-space version [37]

1
— E ' f
HH — 5 - Jquf . qu’

where J, = 2Jy(cosq, + cosgq,) for a square lattice.
Then, using the auxiliary fermionic representation of a
spin operator, the Heisenberg term is rewritten as

-1
Hp= > J <2f11+qTf;i/_q¢fk/¢fm

k.k'.q
oo’
+8f];;l.+qg'f]1-,qg'/fk/0"fko'> .

In a heavy fermion system, it is well-known that the
dominating magnetic correlation has an antiferromag-
netic feature. Thus, the spin-triplet pairing channel is
not favored and we will only consider the spin-singlet
channel in our remaining derivation. Therefore, the ef-
fective interaction in the spin-singlet pairing channel is

-3
Hp= Y TJqu+q¢f;/_q¢fk/¢fm~ (4)
k,k’,q

On physical grounds, such a term describes that a pair
of fermions with opposite spins feel a pairing interaction,
Vg = %Jq.

Let ¢ — k — k' and symmetrize with momentum; now
we have the following pairing interaction [37]

1
View = 5 (Verr + Vietkr)
—-3J , ,
= T(cos k. cos k;, + cosk, cos k),

which leads to the effective BCS pairing Hamiltonian

Hpairing = Z Vk,k’ f]ITfikif—k/\Lfk/T-
koK'

127101-4

Considering the C4 rotation symmetry of a square lat-
tice [49], the present pairing interaction can be split into
extended s-wave (v} = cosk; + cosk,) and d,2_,2-wave

(’yg = cos ky — cos ky) pairing channels

Vk’k-/ = Vks,k’ + Vk.d,k/,
3
Vks,k/ = —ZJH’Y/?YI;/,
d 3 d_d
Vi = *ZJH’YH/«'

In other words, the Heisenberg-like local antiferromag-
netic exchange interaction may mediate extended s- and
d2_y2-wave pairing on a square lattice.

For each pairing symmetry, we obtain its pairing
Hamiltonian as

3
Hpairing == *ZJH (Z 7kf]1¢fik¢> (Z ’yk’f—k’ifk’T) .
k K’

Following the spirit of classic BCS mean-field theory [2],
we introduce the pairing order parameter

A= _Z S sl = —Z DSk,
k k

and the corresponding mean-field Hamiltonian

Hpairing = JHA Z’Yk(flinik,L + f*kifk?)
k

45 A?
= (5)

Note that such a pairing Hamiltonian is identical to those
in Refs. [30, 31, 47], where the RVB-like approach is used
[34], i.e., a spin-singlet pairing order of auxiliary fermions
in real-space is assumed to be

Nij = (FL = .

Although our method is similar to the conventional
antiferromagnetic spin-fluctuation-exchange theory, it is
equivalent to the RVB-pairing theory at least at the
present mean-field level, which emphasizes the core role
of local magnetic interactions [32]. In some sense, the
mean-field pairing model misses the effect of the origi-
nal pairing interaction; however, if the fluctuation of the
pairing interaction is included, one may identify which
microscopic interaction is responsible for pairing.

By adding this pairing Hamiltonian into the normal-
state model Eq. (1), one obtains the desired model for
heavy fermion superconductivity. In practice, the pair-
ing between different heavy fermion quasi-particle bands
is usually neglected due to the mismatch of the Fermi
surface as done in Ref. [24]. Thus, the pairing Hamilto-

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)
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nian is simplified to

Hpairing =JuA Z Yk (5%(A£¢AT—M) + a%(BZTBT—m)
k

4A2

~> [rAR (AL AT + Ak Axy)
k

4A2
+Iu AR (B, BT, | + B_y Bip)] + Jn——

(6)

We have defined two gap functions, Af = Ay, 37 and
AP = Ayia2, for quasi-particles A, and By, respec-
tively. Note that such a gap function is modified by
the normal-state coherent factor, whose momentum de-
pendence deviates from the pure pairing function, ~g.
However, the qualitative physics is unchanged by such
modulation. The advantage of such a simplification is to
decouple each heavy fermion quasi-particle band, which
leads to two independent BCS-like mean-field Hamiltoni-
ans. Therefore, after introducing the Bogoliubov trans-
formation for each quasi-particle band

Aka = N?Ako - V?Aik_ga

Bko = MﬁBkU - V]?Bik,ga (7)
where
1 Ef
A A k
N’k:l_yk:_<1+_)7
2 E,‘c4
1 E
pe=1-vf =g (14 2.
k

the resultant Hamiltonian is

H = "[E{A], Aps + B Bl Br,]
k
+> (Ef + E; — Eff - Ef)+ N.E, (8)
k

where the energy spectrum of the superconducting quasi-
particles has the following form

B = \J(BD? + (JuAp)?,
Bf = \J(E{)? + (JuAp)2,

The corresponding free energy and mean-field self-
consistent equations are given in Appendix B.

The mean-field superconducting Hamiltonian for the
Kondo—-Heisenberg model has now been obtained. When
the temperature is above the critical temperature, T¢,
there still exists the normal-state described by Eq. (3),
where the heavy fermion quasi-particle moves freely in
the renormalized heavy Fermi liquid. If we cool the sys-
tem below T, the normal heavy Fermi liquid transitions

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)

Tyl

Fig. 2 Above T, the wandering heavy fermion quasi-
particle forms a heavy fermion liquid (HFL), which undergoes
a pairing instability into a heavy fermion superconductor be-
low T.. When Ju/Jk increases, the magnetic fluctuation
is strengthened and the magnetic or spin liquid states may
ultimately dominate beyond critical ratio of Ju/Jk.

into the heavy fermion superconducting state with pair-
ing of heavy quasi-particles. To avoid the instability of a
quantum spin liquid or fractionalized Fermi liquid states
[41], the ratio Jg/Jk should not be larger than a partic-
ular critical value. These critical values are summarized
in Fig. 2.

4 Superfluid response formula

In this section, we will study the superfluid response
function in heavy fermion superconductors. The main
point of this section is to determine the superfluid re-
sponse in heavy fermion superconductors; is there cou-
pling between A and conduction electrons, auxiliary
fermions, or heavy fermion quasi-particles ? As detailed
in this section, we find that likely only the heavy fermion
quasi-particle couples with A strongly, as depicted in
Fig. 1.

4.1 Superfluid response without the auxiliary fermion

In the Kondo—Heisenberg model, by definition, A acts
on a conduction electron by substitution ¢;; — tijeieAiJ',
where t;; is the hopping energy in real-space. Thus, the
Hamiltonian is invariant under local U(1) charge gauge
transformation via

Co — caelei ,

Aij = Aij +(0: = 05) /e,
while f, does not directly respond to A because it orig-
inates from the fermionic representation of spin and has

no electric charge [37].
Therefore, we assume that only the conduction elec-
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tron can be involved in the calculation of superfluid re-
sponse.

To discuss the superfluid response function, we con-
sider the conduction electron as being coupled to A, via
the following Hamiltonian [37]

H = Z evy, - chlﬂgc;ﬂ,
= Z eV - Aq(c;rc+chkT + CL-Q-qJ,CkL)
=D evi - Aglcpy i +conel )

Aqw£+q¢k'

Here, we have defined conductlon electron velocity, vy =
?)2 , and the Nambu spinor, wk = (CLT,C k). Note that
the bare vertex is simply iewvy, which leads to paramag-
netic current-current correlation function

(q)f; = +€* Y vy TriG (k)G (k + q)]
k

= +€? Z v,iv£+q[G11(k)G11(k +q)
%

+G12(k)Ga1(k+q) + (1 < 2)],

where G is a Nambu Green’s function 2 x 2-matrix for
conduction electrons and its detailed formalism is given
in Appendix A.

Inserting the explicit expression of the Green’s func-
tion and setting the zero-energy limit, ¢€2,, = 0, and zero-
momentum limit, ¢ = 0, we obtain the contribution of
paramagnetic current

8fF<Ek)

4
OB} +5i

Rell(qg=0)};= +2ezzvk k[ ar, 8fF(E£)}.

OEP

Alternatively, the diamagnetic current is coupled to A
through

2
r_ E : € gt T
= _mAk’—qu/CkJrqockU
= E—AL, . Ay(c% Crt — c_k_qicT k )
om —q +qT —ki
oA
—q° Ak’¢k+q7-z'(/)k-

The effective mass tensor for a conduction electron is de-

2
fined as (&);; = 82—8% Here, the interacting vertex is

2 .
— (557 )ij7= and its corresponding zero-frequency diamag-

127101-6

netic current-current correlation is
Tr[t.G(k)]

4 —+e22( )U
(1) -

, EF EA
_ e? 2 B ponn Bk
Z( )( i b gy

+,6’2—k tanh E—E
"EP 2T )’

Ti(g = 0)

Combining the paramagnetic and diamagnetic contri-
butions, we obtain

1 ( o Ef

2 k
j=e g ap—5 tanh

[”Lm B 21

Rell(q

dfr(Ef)

EB o
—l—ﬂ,%E—’}’g tanh —k> +2v;,v3, (ai ]

D]

Finally, by using of the definition of superfluid density,

£i4® — Rell(g = 0);;, we obtain the desirable superfluid

den51ty formula, ps = pi,

ps(T) 0?%ey, on EA E_ EP
= h pg—
m Zk: [ Ok2 kEA tan i kE 2T

0 ofr(EL ofr(E
() ()

(9)

Unfortunately, as shown in Fig. 3, for both dg2_,2- and
extended s-wave pairing symmetry, the superfluid den-
sity does not vanish at T., thus the formula Eq. (9) is
undoubtedly invalid. The parameters we used are t = 1,
t'=0.3, Jx =2, Jg = 0.6, and n. = 0.9, which are typ-
ical values in mean-field calculations using the Kondo—
Heisenberg model [30]. We will explain why this formula

@ 1 (b) 1
0.95 0.954
S S
< 0.9+ < 0.9+
S) &
< 0.857 < 0.851
0.8 T T T 0.8

T T T T T
0 02040608 1 0 02040608 1
T, T,

Fig. 3 Normalized superfluid density, ps(7T")/ps(0), versus

normalized temperature, T'/T, for (a) d,2_,2- and (b) ex-
tended s-wave pairing symmetry by using Eq. (9).

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)
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is incorrect, although the derivation is rather straight-
forward.

A careful reader may note that in the normal-state
mean-field Hamiltonian, Eq. (1), the conduction electron
is hybridized with the auxiliary fermion via the formation
of Kondo screening (V # 0 and is real). Thus repeating
the argument of U(1) charge gauge transformation dis-
cussed in the beginning of this subsection, the auxiliary
fermion has the transformation

fio — fio’eloi )
which means that f, now effectively acquires electric
charge due to the well-developed Kondo hybridization in
the heavy fermion liquid state. This statement is more
general and beyond the present mean-field level [37]. In
Appendix C, we give a brief discussion on this issue using
path integral formalism.

When considering the superfluid response to an ex-
ternal electromagnetic field, we also need to include the
contribution of the auxiliary fermion and this will be an-
alyzed in the following subsection.

4.2 Superfluid response including the auxiliary fermion

In this section, we assume that in addition to the conduc-
tion electron, the auxiliary fermion also electromagneti-
cally couples to A. Thus, the total paramagnetic current
is
jf( q; )=jf(q, )+jf(q, 7),
= €D vlekgn (Mo (7).

- ezvfkaqu

Here, vi = Oz;/0k; and v; = Ox/0k; are the effective
velocity of the conduction electron and auxiliary fermion,
respectively.

Therefore, the paramagnetic response function is

Hij (q, T) = _<T'rjf(Qv T)jg’(_% 0)>
= 10155 (q, 7)+1I, (g, 7)+1ILS (g, 7) +1IL (g, 7).

Note that there exist four terms, among which II75 and

fko( )

Hifjf denote the contribution of the conduction elec-
tron and auxiliary fermion, respectively. The remaining
terms, II7¢ and Hlfjf , are the cross-terms, which imply the
quantum interference effect between different currents.
In last subsection, we calculated II7Y,

LOfr(E) 0 0fr(EP)
Rell(g=0)5¢ =2¢? [ +3 .
Z T oEA " OEP

After a long, yet stralghtforward calculation, we obtain

_MSff_o,2 i\2 4afF(E]:;4) 43fF(E1?)]
Rell(g=0)]/ =2e ;(vf) {5,6 aE;;‘ ag, 8E]§ .

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)

Since ReH(q =0)s/ the we calculate

(q - O)zz ’
Cf = 62 Z’U G13

+G14(/€)G41 (k + Q) +

After inserting the explicit form of G13 and G14, the final
result reads

i Re]:[( O)’L’L )

VG31(k +q)

(14 2)].

A
Rell(q = 0)%/ :26221) Uf{ Qg I%afF(Ek)

9B

ofr(EP)

Therefore, the paramagnetic current response is

Rell(q=0)}, =2¢” Z{ )2+ 81 (vf)? 420 Bivevy)

9]
x fgéﬁ“ (BLD? + o (v}
Ofr(EB
+2a7 Bvcvy) X f;ékBk )}

and the diamagnetic current response is obtained

Rell(q = 0)%,

1 E+ EA
=S let (o), o (5;) | B 25

1 E; EB

2 2 k
— — tanh —=.

+ [ﬁk <mc>ii + Ak (mf>”] E,’f 2T

Therefore, our current superfluid density formula is

Ps (T)

(R II(q = 0)% + Rell(g = 0)7). (10)

kX3

Figure 4 shows the result of the calculation using
Eq. (10), which, again, exhibits an incorrect result (using
the same parameters as those in the last subsection). The
reason for this may be due to the mismatch of tempera-
ture dependence between bare particles, (ve, vy, m,, and

@ 1 ® 1

0.98 0.98
@ 0.96 Q 0.96
% 0.94 % 0.94
< 0.921 < 0.921

0.9 T T T T 0.9 T T T T T
0 02040608 1 0 02040608 1
T, T,

Fig. 4 Normalized superfluid density, ps(T")/ps(0), versus

normalized temperature, T'/T, for (a) d,2_,2- and (b) ex-
tended s-wave pairing symmetry using Eq. (10).
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my), and the renormalized heavy fermion quasi-particle,
E,‘?, E,? . In other words, the bare and renormalized
particles have different temperature dependences; thus
the paramagnetic contribution cannot cancel out the dia-
magnetic term when T > T,.. More generally, when cal-
culating physical quantities at T' = 0, since no tempera-
ture effect is involved, the underlying breakdown of the
corresponding formalism is hidden. However, at finite
temperatures, one may encounter the aforementioned
problem.

We indeed confront a serious problem on the calcula-
tion of superfluid density.

4.3 A useful and correct superfluid response formula

In the previous section, we showed that the standard
process of calculating superfluid response breaks down.
However, there exists a hint to resolve this question by
noting that when collective Kondo screening develops,
the quasi-particles of the system are the heavy fermion
quasi-particles Ag, and By,. If all interesting physics
occurs at energy-scales smaller than the width of the
quasi-particle bands, E,:' and £, , the heavy fermion
quasi-particle can be seen as the only fundamental parti-
cles in our problem. Thus we may expect the low-energy
thermodynamics and transport to be dominated by those
heavy quasi-particles alone. In heavy fermion supercon-
ductivity, it is commonly believed that the pairing results
from heavy quasi-particles and not directly involving the
original conduction electron [3, 14, 37, 38|. Therefore, by
considering these two factors, we propose that the heavy
fermion quasi-particle is directly responsible for super-
fluid electromagnetic response, thus the corresponding
paramagnetic current is

j’L q? —62 UAAk+qU Ako’( )+UBBk+qU( )BkU(T))V

where the effective velocity for heavy fermion quasi-

. i long OB,
particles A, and B, are vy = 2% and vl = 8k ) Te-

spectively. In addition, the diamagnetic current is found
to be

0.7) = A, Z[( ) ALy o (1) A (7)

+(o ) Blygo (1) B (r)]

B

With the same treatment as in last subsection, we
use these two heavy quasi-particle currents to derive

Eq. (11).

ps(T)

k2 EAt hﬁ

m

> { O*Ef Ef Ef
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(OB ofr(BY) OBy By EP
Ok IED ok EP 2T

OE; \” 0fr(EF)
#2() Y o

which is a useful and physically correct superfluid density
formula and is the most important finding of the present
study. As shown in Fig. 5, the superfluid density cor-
rectly vanishes when T, is approached from the heavy
fermion superconducting phase. Meanwhile, the global
behavior of the temperature dependence in p4(T) is also
consistent with general physical expectation, e.g., the ex-
tended s-wave gives rise to a flat T' dependence while the
nodal d,2_,2-wave pairing usually leads to a power-law
behavior in the low-temperature regime [2, 3].

We should emphasize that our formula, Eq. (11), is
not only valid in the superconducting mean-field model,
Eq. (8), but can be used in other heavy fermion supercon-
ducting models. As an example, we consider the effective
model proposed in Ref. [24], which is obtained from fit-
ting data in quasi-particle interference experiments on
CeColns [22, 23]. The details of their model are not
given here, though we refer the reader to their original
article; the calculation result is shown in Fig. 6.

When compared to the experimental data of undoped
CeColns in Ref. [7] (see also Fig. 6), we see that the
calculated ps(T') does not agree with the global behavior
in the experimental measurement. This may be due to
the fact that the model parameters in Ref. [24] are not
temperature-dependent; thus certain physical quantities,
such as superfluid density, cannot be reliably calculated.
Therefore, it is important to include the thermal effect
and we will revisit this issue in following section.

Before ending this section, we notice that since the
heavy fermion superconductors have a much longer Lon-
don penetration depth, Az, than ordinary superconduc-
tors, e.g., about 190 nm for CeColns [7], the effective

Y .
mass, (m* = MOT?L o A2), of heavy fermion supercon-

ductors is also strongly enhanced, which implies that the

—_
3
~—

1 (b) 1

0.8 0.8
S 0.6 S 0.6
g g
< 0.4+ < 0.4
< 0.2 < 02
0 T T T T T 0 T T T T T
0 02040608 1 0 02040608 1
/T, /T,

Fig. 5 Normalized superfluid density, ps(7T")/ps(0), versus
normalized temperature, T'/T,, for (a) d,2_,2- and (b) ex-
tended s-wave pairing symmetry using Eq. (11).

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)
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0.8

0.6

p(Dp,(0)

0 T T T
0 0.5 1 1.5 2 2.5
T(K)

Fig. 6 Normalized superfluid density, ps(T")/ps(0), versus
temperature, T', for heavy fermion superconductor CeColns,
using Eq. (11).

Cooper pairs in those superconductors should come from
the pairing of heavy fermion quasi-particles.

5 Superfluid response in heavy fermion
superconductors CeColns and
Ce1_;Yb,Colng

5.1 Superfluid response in heavy fermion
superconductor CeColng

In this section, we investigate the superfluid response
in a typical heavy fermion superconductor, CeColns. To
meet with the realistic experimental measurement, we fix
model parameters ast = —1,t' = 0.3, Jx =2, Jy = 0.6,
V = —0.2965, x = 0.2222, and n. = 0.9 [36]. The
resulting normal-state Fermi surface is shown in Fig. 8,
which mimics the multi-Fermi surface structure observed
in ARPES measurements [50, 51].

Performing the calculation with Eq. (11) and assuming
dy>_2-wave pairing, we compare our theoretical result to
the experimental data in Fig. 7. From Fig. 7 we see that
our theory is consistent with the global behavior of the
microwave surface impedance measurements of Ref. [7]
and our previous work [36]. Particularly, the observed
low-temperature linear /power-law behavior of superfluid
density is reproduced by our theoretical model with only
the assumption of d2_,2-wave symmetry [7-11].

5.2 Issues with Ce;_,Yb,Colns

Next, it is interesting to understand the possible pair-
ing symmetry transition in Yb-doped CeColng, which
is suggested by recent superfluid density measurements
and inspires an exotic local electron pairing scenario

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)

[13, 26]. Effectively, Yb-doping adds an extra electron
carrier into CeColns, thus the density of the charge car-
rier is modified as n.(z) = 0.9 + 0.8z, where z is the
nominal doping [26]. Ref. [13] finds that when x > 0.2,
the low-temperature London penetration depth shows
full gap behavior (AXNT) ~ T™, for n > 2). There-
fore, such anomalous behavior of the superfluid response
strongly suggests that the superconducting pairing sym-
metry should change the structure from nodal to nodeless
(see also Fig. 9).

Motivated by the above observation, authors in
Ref. [26] propose that the change of pairing symmetry
may result from the formation of composite pairing, i.e.
electrons in two orthogonal orbits screening the same lo-
cal f-electron spin to induce pairing. In this scenario,
Yhb-doping leads to a Lifshitz transition of a nodal Fermi
surface into a fully gapped composite-pairing molecular
superfluid. Thus, the nodeless behavior observed in su-
perfluid density measurements is expected.

Here we would like to propose an alternative possi-
bility, i.e., the change of pairing structure may simply
be a doping effect and not related to the emergence of

o CeColng
0.9 o, —a— Theory

0.8 - Y

0.7 X

0.6 - o,

0.5 o
0.4 - o
03
0.2
0.1

0 T T T T
0 0.5 1 1.5 2 2.5
T (K)

p(T)py(0)

Fig. 7 Calculated normalized superfluid density (blue line
and square), ps(T")/ps(0), in the superconducting state versus
temperature, T', compared to experimental data of CeColns
(red dot) in Ref. [7].

() 34

1.0
0.5

=05
F_10

Fig. 8 Mean-field Fermi surface (bold black line), d,2_,2
(a), and extended s-wave (b) pairing function in the square
lattice Brillouin zone.
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Nodal d-wave Nodeless s-wave

1
I
0 x,=0.2 x

Fig. 9 Change of pairing symmetry from nodal d- to node-
less s-wave at critical Yb-doping z. = 0.2 for Ce1—,CoIns.

exotic electron pairing. To be specific, we utilize our
normal-state model in Sec. 2 and calculate the doping
dependence of the so-called pairing strength invented in
Ref. [32],

A= Z 72,

keFS

Here, the dimensionless \* measures the overlap of pair-
ing function % on the normal-state Fermi surface. Obvi-
ously, less (more) overlap between the nodal point/line
(maximized gap zone) and Fermi surface is helpful to
lower the ground-state energy and the corresponding
pairing strength is larger . In other words, pairing sym-
metry with larger A\* will ultimately become the true
superconducting pairing instability. For the Fermi sur-
face shown in Fig. 8, although the nodal line of dy2_,-
wave has much overlap over Fermi surface, its high gap
zone also has large overlap. Thus, the whole effect
is to promote d,2_,2-wave over the nodeless extended
s-wave, which is consistent with the calculated value

5 =10.957 > X\; = 0.875 and agrees with the observed
dominated nodal d-wave feature in CeColns. It should
be noted that the nodal line of the extended s-wave ex-
ists; however, it is not in contact with the present Fermi
surface, thus, it behaves like nodeless pairing.

When considering the doping case, we plot A* and the
effective mass ratio, m*/m, in Fig. 10. We use t = —1,
t' =0.14t, Jx = 1.92, Jg = 0.6, x = 0.2222, and T =
0.01. V, p, and A are self-consistently solved through
mean-field equations.

We find that when n. < 1.06, where n. = 1.06 corre-
sponds to the observed critical doping x. = 0.2, dy2_,-
wave pairing dominates over extended s-wave pairing.
However, if n. > 1.06, the situation is inverted and the
effectively nodeless extended s-wave is the dominating
pairing symmetry. Therefore, this simple calculation
indicates there may be a transition at n. = 1.06, for
. = 0.2, from nodal d-wave to nodeless s-wave symme-
try. When checking the doping evolution of the effective
mass, we find no clear signal of any singular behavior
in either o (E;") and B8 (E}, ) heavy quasi-particle bands.
Thus we expect the changes of electronic band or Lifshitz
transition observed in ARPES and dHvA measurements
may not be an active factor for the pairing symmetry
transition, which is an issue in itself and needs further
investigation [52, 53].

Furthermore, Fig. 11

shows the temperature-

127101-10

dependent superfluid density in both nodal d-wave and
nodeless s-wave states for n, = 1.0, where z = 0.125 <
z. = 0.2, and n, = 1.10, where z = 0.25 > z. = 0.2,
respectively.

Importantly, the behaviors of the calculated results
are consistent with the experimental data in Ref. [13],
where the low-temperature behavior of the London pen-
etration depth is changed from power-law to exponen-
tial when doping surpasses z. = 0.2. In addition, it is
noted that the pairing symmetry transition here is likely
a first-order transition since the corresponding derivative
of the ground-state energy is discontinuous at the puta-
tive transition point, = 0.2. Thus, no radical change of
an observable, such as T, is expected around this tran-
sition, which is also consistent with the doping evolution
of Yb in Ref. [13].

Before ending this section, it is interesting to note
that for the heavy fermion superconductor CeRhIng [54],
where the coexistence of antiferromagnetism and super-
conductivity is firmly established [55], the present super-
fluid response formula may also be applicable if we use
a four-quasi-particle energy-band model resulting from
magnetic and pairing orders. Thus, we should sum the
contributions from all four bands with corresponding
quasi-particle effective mass and velocity. An appropri-
ate test for our theory will be to fit to the future London
penetration depth measurement of this compound.

1.2 4 —o—Cx22 —o— a band
ZO’W
N
s
15
[
04 T T T 10 T T T
0.9 095 1 1.05 1.1 09 09 1 1.05 1.1
nC nC

Fig. 10 Doping evolution of (a) pairing strength, A\*, and
(b) effective mass ratio, m*/m.

(a) 1 ——n.= 1.0 (b) 1 ——n.=1.1
0.8 0.8
S 0.6 S 0.6+
< <
€ 04 € 04-
< 024 <024
0 T T T T T T T u
002040608 1 1214 0 05 1 1.5
T, T,

Fig. 11 The superfluid density of (a) nodal d-waves and
(b) nodeless s-waves for n. = 1.0 (x = 0.125 < z. = 0.2) and
ne = 1.10 (z = 0.25 > z. = 0.2), respectively.

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)
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6 Nonmagnetic impurity and non-local effects
on the superfluid response

6.1 The nonmagnetic impurity effect

For realistic materials, nonmagnetic impurity scattering
is ubiquitous and unavoidable. Particularly, it plays a
key role in the low-temperature regime where linear-
T dependence of nodal d-wave is replaced with the 72
law [56]. Here, we give the corresponding formalism,
which may be relevant to explaining realistic experimen-
tal data.

The main attribute of nonmagnetic impurity scatter-
ing is that it introduces effective damping rates, I' 4 and
I', for the paired heavy quasi-particles. Then, the corre-
sponding retarded heavy quasi-particle Green’s function
in the superconducting state is

AA AA
GB 4y (k,w) = (GijA Gf;) ,
G21 G22

where
GAA — (ui2)? (vi)?
T WwoEBA+iTs wH+ER+iT,

AA _ nAA
G12 - G21

= Hp Vg -
w—E}+ily w+Ef+iC4
GAA _ (Vl?)Q (M?)Q
22 — A . A .
w—FE+il'a  w+E] +il'4

and the case for G&(k,w) is similar. Next, following
the same treatment as above, we obtain the expression
of superfluid density

2

m 8k:2 Ef ok,
BQE; By om0 (90BN p
Torz By ”(azc) !
Where
° Ta/m Ca/m
R
Il ey e s R PRy S ERu
i Ip/m Ip/m
B: d B _
Wi [w wa(”){(w—E}?)%F% (w+EP)2+T%
Zi = - _OodeF(w)Im[(w—FiFA)Q—(E,?)Q]Q
I (w+1ilp)? + (ED)?
B:_i T k .
Py [ etrm e

By using the above equations, one can inspect the ex-
plicit behavior of superfluid density in an all-temperature

Yin Zhong, et al., Front. Phys. 12(5), 127101 (2017)

regime. Here, we investigate the low-temperature behav-
ior by expanding Z,/~ 4B 19) (W is approximated to be
constant in this Case)

o_ 1 Lo Lo (I3 = 3(ER)*)T?
Zk: - — -

o+ B 32+ (Ep)?)°

where the first term denotes a correction to zero-
temperature superfluid density and the second term in-
troduces the impurity-dominated 72 dependence since
this term vanishes as I', — 0.

Then, for nodal superconductors, such as dg2_ -
wave in undoped CeColng, it is found that the low-
temperature superfluid density behaves as

24 . 2A4 T?
(1) ~ 1-— 1 —
P ( ) /)A(O) ( 7TAA n FA 37TFAAA

+0(T)|,

oMy 2Ap T?
+05(0) (1 NS DR s

which is in contrast to the linear-T" behavior of the pure
sample. Here, p,(0) and A, are the zero-temperature su-
perfluid density and effective gap for each quasi-particle
band. We should emphasize that both the pure and
impure nodal d-waves are at least qualitatively consis-
tent with the observed power-law behaviors in CeColns.
For La- and Nd-substituted CeColns [13], this impu-
rity induces a T? dirty d-wave behavior as observed
by using a tunnel-diode resonator technique. Further-
more, for the possible nodeless pairing state in Yb-doped
Ce1_,Yb,Colns, no qualitative behaviors are changed
by nonmagnetic impurity scattering since all low-energy
excitations are fully gapped.

6.2 The non-local effect

In nodal pairing states, such as the studied d,>_,2-wave,
when approaching gap nodal points, its coherence length,
¢ ~ vp/A, is larger than its Ar. Thus, the so-called
non-local effects are important [57], as they may be re-
sponsible for the observed power-law behavior of London
penetration depth in CeColns [7, 9, 10].

Following Ref. [57], we find that, for a specular
boundary, the temperature-dependent London penetra-
tion depth is

2 [ dg
=12
AT) 7r/0 q% + Rell(q,w = 0)’

where the momentum-dependent superfluid response
function is

Rell(q,w = 0)
82E+ E+ EA
= _¢2 anh —&
¢ Z[ k2 EA oT

A A
A A A A 2tanhﬁg’c —tanh%
+(Mk Mg + VE Vietrq) EA— B
k+q
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BE} BER
—|—(,uA1/A —VApJA )Qtanh 5 4 tanh —+¢
k Vitq k Mk+q E,f T El?+q
O*E; E; . EP
+ k —’fg tanh —£-
okZ Ef 2T
B B
B B B B .otanh ’Bg"' — tanh LE;*"
(M Brorq + Vid Vierq) EB _EB
k k+q
BEE BEY
—|—(/j,BVB BB )Qtanh 5 4 tanh —5+¢
k “k+q k Mk+q EkB + Ech+q

At low temperatures (T < T* ~ £/A0)A), for
nodal superconducting states, the above equation gives
AXNT) = XNT) — M0) ~ T2 which is similar to the
nonmagnetic impurity effect and modifies the linear-T
behavior. We note that Ref. [9] argued that the pene-
tration depth of CeColns is governed by this non-local
electrodynamic effect rather than the nonmagnetic im-
purity effect.

7 Discussion and conclusion

In this work, we have systematically studied the su-
perfluid density response formula in a pure sample and
one with a nonmagnetic impurity. These formulas have
been successfully applied to undoped heavy fermion su-
perconductor, CeColns and its Yb-doped counterpart,
Ce1_»Yb,Colns. Theory and experiment of those typ-
ical heavy fermion superconductors are in good agree-
ment, which confirms our basic formalism and empha-
sizes the core role of heavy fermion quasi-particles. The
present work may provide a useful formalism to under-
stand and explain existing and future superfluid density
experiments in heavy fermion superconductivity.

We have noted that the measurement of thermal con-
ductivity suggests there is no pairing symmetry transi-
tion in Ce;_;Yb,Colns, which is in contrast to the re-
sult of London penetration depth experiments. Frankly,
we are still unable to judge which experiment gives the
true physical behavior; however, if we use the model in
Ref. [24] with our superfluid density formula, we find
only a nodal d-wave state is possible.

It is intriguing to note the possibility that if the critical
quasi-particle picture is still valid in heavy fermion super-
conducting states in proximity to the quantum critical
point [58]; the paramagnetic current should contribute
an extra T'/? due to the critical enhancement of the
effective velocity. Based on our superfluid response for-
mula, the nodal d-wave states may have T3/2 behavior,
which agrees well with existing data [7, 9, 10].

In addition, as suggested in Refs. [26, 28], since both
interstitial and onsite two-channel effects are likely im-

127101-12

portant for heavy fermion superconductivity, the com-
posite pairing has to be considered seriously, which is an
interesting and crucial issue for future study.
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Appendix A Single particle Green’s function

In the superconducting state, the single particle imagi-
nary time Green’s function is defined as follows

Gk, 7) = —(Tr(cry(7), ct 1 (1), fur(7), 14, (7))

o,
C_k|

X
s >
fokl

G111 Gi2 Giz Gua

Ga1 Ga2 Gaz Gy

Ga1 Gz G333 Gy

Gy1 Gaz Gaz Gu

In the superconducting mean-field Hamiltonian, the
matrix element in momentum-energy representation
reads

A\2 AN2
Gii(k) = a2 (1z) (v¢)
(k) = ag [iwn—E,{f 1(,un—|—E,‘€4
Y I Ui
k nw—EP " iw, + EP
1 1
Grz(k) = Goy (k) = a3 v}
12(k) 21(k) = agpi v i, — Bf iw, + Ef
1 1
2 B. B
kb ( n — EB lwn+Ek>
A\2 AN2
k) = o2 (Vi) )
Gz (k) = [iwn —E,? 1wn—|—E,:‘
+62 (VICB)2 (MkB)Q
" liw, — BB " iw, + EP
(1p)? ()?
Gi3(k) = Gsz1(k) =
13(k) 31(k) = arB [iwn—E;‘f o + B
B2 B2
— B .(:U'k)B (k)B
iw, — B, iw, + B,
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Gra(k) =
— st (;

G41 (k) = G23(k) = G32(k)

1 1
Wn — E,‘C4 iwn, + E;;‘

1 1
Ptk (iwn "B iw, E,f)

Goa(k) = Gz (k) = iy [ (Vé);A iwiu—;i);f}
— B [iwff);f * iwiﬂj-);,f] '
Gl = 12 [ 1 + L
ot [+ L g

1 1
Gsa(k) = Gaz(k) =B pi v (iw —FA iw, + EA>
n k n k

1 1
La2uBLB _
Rk <iwn—E;§ iwn+E,§)

(v)? (i)
Galk) = 5§ L —EA T iw, + EA
B\2 B\2
2 (Vi) (1)
A Lwn —BP Tiw, + E,f} '

Appendix B Free energy and mean-field
equation in the heavy fermion
superconducting state

Using the diagnolized mean-field Hamiltonian in Eq. (8),
we readily obtain the free energy

F=-2T Z[ln(l + e_BE’f) +In(1 + e_BEf)]
k

+> (en+xx — B — Bf) + N.E}
k

Then, by minimizing the free energy function versus
mean-field parameters V| x, A, u, and A, we obtain the
following five self-consistent equations:

1 E+ BEL  Ey BEE
2_JKZE%( anh 5 EBt nh —F& 5 )

EA E; EP
2x = JKan <ﬁk a2 R iy tanh %)
k
_ 2 By oo BEE o2 Br o BEP
0_Z<2ﬁkE?tanh 5+ 20} P tanh =%
k

Ef Ef

2(n.—1) = —Z (204%—’2 tanhﬂ—k
- Ef 2
EB
+2/5k k tan hﬂ )
lc
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2 BE (AF)? 5Ek

Appendix C The charged auxiliary fermion

In this section, we follow the argument of Ref. [37] to ex-
plain the fact that auxiliary fermion has acquired electric
charge via Kondo screening in the heavy fermion liquid
state.

In the literature, the finite temperature or imaginary-
time path integral formalism is often used and the cor-
responding formula is [29, 37, 41]

Z = / DVDV DXDYDXDc'DeDfID fe

and the action reads

S = / {chaa + €k Cka+z a +1>\ fla

+J7K %:[Vi(cmfm +Vi(fE cia)]
J
+7H Z (X3 (fila fia) + Xij(f;afia)]

(ij)a

+N<JKZ L > bess | iz)\iQ>}~
(i5) i

Here, ¢ = 1/N and N = 2 for the physical spin case
and all mean-field order parameters are now dynamic
fields. Evidently, the dynamic Lagrangian parameter,
A, enforces the constraint if we integrate it out. Mean-
while, integrating out the valence-bond order, x;;, will
recover the original Heisenberg interaction term. Thus,
the above path integral formalism is an exact description
of the original Kondo-Heisenberg model [37, 41].

Then, we set V; = V;el®* where the new Vj is a real
field and absorbs the phase part into f;. This gives a
substitute \; — \; + 0-¢; and the Kondo hybridizing
field V; is real.

B
:/0 {Zcza(8¢+5k)cka
Z [0r +i(Ni + 0r90)] fia

JK :
+7 ; V;(Ciafia + fiacia>

J
+7H > i (i fia) + X35 (flo fia)]

(if)c
+N<JKZT+J Z"“” iz/\iq)}.

(i)
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As emphasized in Ref. [37], when the Kondo screen-
ing is developed, the internal gauge symmetry is lost in
the above action due to the Anderson-Higgs mechanism,
which states that the absorption of the gapless phase into
gauge field leads to the mass of the gauge field itself. In
other words, the f-fermion appears to be physical object
and is free of internal gauge structure.

Furthermore, we can define a new \; to absorb 0, ¢;,

B
S: / {Zcza(a"'+5k)ck0¢ +Zsza(aT+l>\l)fla
0 ko 1Y

J
+7K Zvi(cj‘-afia + fiTaCm)

(ij)e

o (e SV gy S Pl
— 4 4
Here, we should note the integral measurement of A;

(i)
is changed from {—o0,00} to the complex plane; thus,
the number of degrees of freedom is unchanged.

/_Z ‘;i:[...]a/c‘;ﬁ[...].

Now, under the electrodynamic gauge transformation,
Cio = Cine’, we have to use fia — fmew" since V; is
real and chargeless. This clearly promotes the physical
charge into the composite f-fermion and it can respond
to the external electromagnetic field as a true physical
electron excitation [37]. Furthermore, the full action in-
cluding external electromagnetic field is given by

B .
5= / { D cha(0r8 + tige M) e
0

ijo

J

T ; K i T

+ Z fia(a‘r + 1>\i)fio¢+7 Z ‘/i[ciafia +fiacioz]
J o —ieA;; ieA;;

+7H D aje A (L fia) + xi€ 4 (fl fia)]

(ij)a

v (eSS gy 3 bl
; 4 4
where both conduction electrons and auxiliary fermions

(ig)
are coupled to external electromagnetic field.
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