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We consider the internal structure of a d-wave heavy-fermion superconducting condensate, showing
that it necessarily contains two components condensed in tandem: pairs of quasiparticles on neighboring

sites and composite pairs consisting of two electrons bound to a single local moment. These two

components draw upon the antiferromagnetic and Kondo interactions to cooperatively enhance the
superconducting transition temperature. This tandem condensate is electrostatically active, with an
electric quadrupole moment predicted to lead to a superconducting shift in the nuclear quadrupole

resonance frequency.
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In many strongly interacting materials, quasiparticles
are ill formed at the superconducting transition, giving
the Cooper pair a nontrivial internal structure. The 115
family of heavy-fermion superconductors [1-4] provides
an extreme example of this phenomenon, where quasipar-
ticle formation, through the screening of local moments by
electrons, coincides with the onset of superconductivity.

The 115 family has long attracted great interest for the
remarkable rise of the superconducting transition tempera-
ture from 7. = 0.2 K in Celn; under pressure [5] to 2.3 K
in CeColns [1-3], rising to 18.5 K in PuCoGas [4]. While
the abundance of magnetism in the phase diagram has led
to a consensus that spin fluctuations drive the supercon-
ductivity in the cerium compounds [5-9], the presence of
unquenched local moments at 7. is difficult to explain
within this picture. In a typical spin-fluctuation mediated
heavy-fermion superconductor, the local moments quench
to form a Pauli paramagnet [ x(T) ~ x,] well before the
development of superconductivity. Yet NpPdsAl, [10] and
Ce{Co, Ir}Ins [2,11] exhibit a Curie-Weiss susceptibility,
x(T) ~1/(T + T¢y) down to T.,.

The absence of any magnetism in the actinide 115 super-
conductors, combined with the observed Curie paramagnet-
ism, led us to recently propose [12] that the actinide 115s are
composite pair superconductors [13], where the heavy
Cooper pair forms by combining two electrons in two or-
thogonal Kondo channels with a spin flip to form a composite
pair, Ao = (N + 2|CLCLS+ |N), where c{z create electrons
in two orthogonal Kondo screening channels [12,14].

This presents us with a dichotomy, for while composite
pairing may account for the quenching of local moments at
the transition temperature, it fails to account for the impor-
tance of magnetism in the Ce 115 phase diagram. To resolve
this issue, here we propose that magnetic and composite
pairing work in tandem to drive superconductivity.
Composite pairing originates from two-channel Kondo im-
purities, while magnetic pairing emerges from antiferro-
magnetically coupled Kondo impurities. Observing that
these two systems are equivalent at criticality in the dilute
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limit [15], here we argue that this connection persists to the
lattice superconducting state concealing a common quan-
tum critical point (QCP) [16].

To expose the interplay between magnetic and compos-
ite pairing, we examine the internal structure of a heavy-
fermion pair. In a Kondo lattice, the heavy quasiparticles
are a linear combination af:T = ”kClT + vy f]tT, where c¢f
and f1 create conduction and localized electrons, respec-
tively [17]. The wave function is

|W) = Pg exp(A1)[0), )

where At =¥, Ak(alTaikl) creates a d-wave pair of qua-
siparticles and P is the Gutzwiller projection operator
restricting the number of f electrons to one. Acting the
Gutzwiller projector on the f electron reveals its internal
structure as a composite between a conduction electron and

a spin flip at a given site j, PGf;r,, ~ c}LT(J' . §j)mPG. The
pairing field AT contains three terms

A¢ ACT(ct
RIS [ : }( )
Tele ) 3 b
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The diagonal terms, with A{ = ug A, and AY = vi Ay
create f- and conduction electron pairs, where a d-wave
pair of f electrons is an intersite operator, taking the form

Ty = SAMR (@ $)i0)@ - S)el]  3)
LJ

outside the Gutzwiller projection. However, if we expand
the off-diagonal terms in real space,

Vi =S AR, )[c](i0,)(E" - S))c!] )

ij
where A(R) = ¥, (upvi Ap)e™ R, we find a composite
pair formed between a triplet pair of conduction electrons

and a spin flip [12-14]. Unlike its diagonal counter-
parts, which are necessarily intersite, composite pairs are
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Magnetic Pair Composite Pair

FIG. 1 (color online). A tandem pair contains a superposition
of magnetic and composite pairing, both with d-wave symmetry.
The magnetic pair (left) contains neighboring f electrons, while
the composite pair (right) combines a spin flip and two conduc-
tion electrons. The unit cell is denoted by dotted lines, with dots
indicating the local moment sites.

compact objects formed from pairs of orthogonal Wannier
states surrounding a single local moment (Fig. 1).

Magnetic interactions favor the intersite component of
the pairing, while the two-channel Kondo effect favors the
composite intrasite component. However, both compo-
nents will always be present in the superconducting
Kondo lattice. If the composite and magnetic order pa-
rameters share a d-wave symmetry, they will necessarily
couple linearly to one another, as we shall show next. This
coupling enhances the transition temperature over a large
region of the phase diagram, providing a natural explana-
tion for both the actinide and Ce 115 compounds.

To illustrate tandem pairing microscopically, we intro-
duce the two-channel Kondo-Heisenberg model,

H=H6+HK1+HK2+HM (5)

and solve it exactly in the symplectic large-N limit [12],
where

H, = Zekcltgckg, Hy = JHZ§i -S, (6
k (i)

Hyr = Jr > ¥ leoGathirs - S). (7)
J

Here §j is the local moment on site j, and ¢ is the
Wannier state representing a conduction electron on site
J with symmetry T,

Uira = D Pricapcpe™ ®, )
k

where the form factor ®ry,;, is only diagonal in the spin
indices in the absence of spin orbit. Microscopically, the
two orthogonal Kondo channels Jy- arise from virtual fluc-
tuations from the ground state doublet to excited singlets,
where the two channels correspond to adding and remov-
ing an electron, respectively. In Ce, the 4f! state is split by
tetragonal symmetry into three Kramer’s doublets, where

'S is the ground state doublet [18,19], so we may summa-
rize the virtual valence fluctuations with

AfO)2Af (T4 (T @ T ©)

Requiring the composite pairing to resonate with the
d-wave magnetic pairing [20] uniquely selects 'S ® I'
as the lowest doubly occupied state, as this combination
leads to d-wave composite pairing [12]. A simplified two-
dimensional model is sufficient to illustrate the basic phys-
ics, where the d-wave composite pair now comes from the
combination of s-wave hybridization in channel one and
d-wave hybridization in channel two [21,22]. The magne-
tism is included as an explicit RKKY interaction, Jy
between neighboring local moments (ij), generated by
integrating out electron in bands far from the Fermi sur-
face. Treating the magnetism as a Heisenberg term leads to
a two band version of resonating valence bond (RVB)
superconductivity [23], where the local moments form
valence bonds which can “escape” into the conduction
sea through the Kondo hybridization to form charged,
mobile Cooper pairs [24,25].

To solve this model, we use the fermionic symplectic spin
representation, Sap(j) = f;rafjﬁ - sgn(aB)f;r_Bf,-,a,
where @ € {—N/2,..., N/2}. This symplectic-N repre-
sentation maintains the time-reversal properties of SU(2)
for all even N, enabling the consistent treatment of super-
conductivity [12]. The spin Hamiltonians become

Hirl) = = L)) + et T e o)
Hulif) = = LU )L R + (Lt F)(Terdl o)

where we have suppressed the spin indices by treating them
as vectors of length N; e is the large N generalization of io,,
and f7 = (f t)T. Each quartic term can be decoupled by a
Hubbard-Stratonovich field, leading to normal, V- = (clt ),
and anomalous, Ap « (c} eft), hybridization in each
Kondo channel, and particle-hole, &;; o fif ), and pair-
ing, Af.}’- o <f:r ef}L ), terms for the spin liquid, where (- - +)
represents a thermal expectation value. This Hamiltonian
possesses an SU(2) gauge symmetry,f — uf + vel fT,
which we use to eliminate A, and composite pair super-
conductivity occurs when V;A, ~ (cifc;r efT £) is nonzero
[12]. We calculate the mean-field values of these fields
using the saddle point approximation, which becomes exact
as N — oo. The lowest energy solutions involve only pair-
ing fields in the magnetic and second Kondo channels,
giving rise to only three nonzero Hubbard-Stratonovich
fields, V|, A,, and Ay [26]. We take Aj to be d wave in
the plane, so that Af = Ay(cosk, — cosk,); in this simple
model, ®; =1 and ®, = (cosk, — cosk,). Using the
Nambu notation, & = (¢, ec_y), ff = (f{, ef_x), and
defining the matrix V, = V,® 73 + A, D, 7y, the
mean-field Hamiltonian can be concisely written as
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+N( (11

where A is the Lagrange multiplier enforcing the constraint
ny = N/2. The mean-field Hamiltonian can be diagonal-
ized analytically. Upon minimizing the free energy, we
obtain four equations for A, V,, A,, and Aj. Solving these
numerically, and searching the full parameter space of
Jy/Ji, Ju/J;, and T to find both first and second order
phase transitions, we find four distinct phases: a light
Fermi liquid with free local moments when all parameters
are zero, at high temperatures; a heavy Fermi liquid when
either V; or A, are finite, with symmetry I, below Tkr; a
spin liquid state decoupled from a light Fermi liquid when
Ay is finite, below Ty ; and a tandem superconducting
ground state with V|, A, and Ay all finite, below T, as
shown in Fig. 2. There is no long range magnetic order due
to our fermionic spin representation. The superconductivity
is stable with respect to the massive 1/N gauge fluctuations,
however, it is an interesting open question whether the
resulting quasiparticle renormalizations will generate a
spin resonance mode.

Experimentally, CeMIns can be continuously tuned
from M = Co to Rh to Ir [3]. While CeRhlInjs is a canonical
example of a magnetically paired superconductor, where
moderate pressure reveals a superconducting dome as the
Néel temperature vanishes [1], further pressure [27] or Ir
doping on the Rh site [3] leads to a second dome, where
spin fluctuations are weaker [28]. We assume that the
changing chemical pressure varies the relative strengths
of the Kondo and RKKY couplings, so that doping traces

Jr 1

FIG. 2 (color online). The superconducting transition tempera-
ture as the amounts of magnetic, Jy, and second channel,
J,, couplings are varied (®; =1, ®, = cosk, — cosk,, and
n. = 0.75). V|, A,, and Ay are all nonzero everywhere below
T.. A slice at T = Ty, shows the regions of the spin liquid and
Fermi liquids, and the orange ellipse illustrates how materials
could tune the relative coupling strengths (see Fig. 3). The
transition is first order for Jy/J; > 4.

out a path through the phase diagram like the one in Fig. 3,
chosen for its similarities to CeMIns. By maintaining the
same Fermi liquid symmetry throughout (Tx; > Tx,), we
are restricted to one (mostly magnetic) or two (magnetic
and tandem) domes.

A qualitative understanding of this tandem pairing can
be obtained within a simple Landau expansion. For 7 ~
T. LTk, ®=A, and ¥ = Ay will be small, and the
free energy can be expressed as

F= al(Tcl - T)qu + az(TCZ - T)(I)Z + 2’}/\1,@)
+ B,V + B, D% + 28, V2D, (12)

a1, B12,> and 7 are all functions of A and V; and can be
calculated exactly in the mean-field limit. The linear cou-
pling of the two order parameters, y = 90>F/dA,0Ay, is
always nonzero in the heavy Fermi liquid because the
hybridization, V, converts one to the other, ffft ~
VicTfT. The linear coupling enhances the transition
temperature,

T.,+T T, —Tn,\2
T = cl C2+ ( cl 02) + . 13
¢ 2 \/ 2 a1y ( )

For 8,8, > B2, the two order parameters are only weakly
repulsive, leading to smooth crossovers from magnetic to
composite pairing under the superconducting dome [29].
While the development of conventional superconductiv-
ity does not change the underlying charge distribution,
tandem pairing is electrostatically active, as composite
pairing redistributes charge, leading to an electric quadru-
pole moment. The transition temperature of the 115 super-
conductors is known to increase linearly with the lattice

-

"Chemical doping"

FIG. 3 (color online). A possible experimental path through
the phase diagram in Fig. 2, chosen for its similarity to the Ce
115 doping phase diagram [3], described by the orange ellipse,
(DL {)'; 04y2 4 (J”/({ ‘1;0'9)2 = 1. The transition temperatures for
superconductivity, 7, (solid blue), spin liquid, 7g (dotted
red), and Fermi liquids, Tk; (dashed orange) and T,, (dot-
dashed white) are also plotted. All temperatures are scaled by
T:. While our ground state is always superconducting, due to
the fermionic spin representation, real materials will be anti-
ferromagnetic for Tg > Tk, .
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c/a ratio [30], conventionally attributed to decreasing
dimensionality. Our theory suggests an alternative inter-
pretation: as the condensate quadrupole moment, Q.. *
\Ifzc couples linearly to the tetragonal strain, AF o
— Q. Uy, the second term in the Landau free energy (12)
becomes a,[T — (T + Au)]W%, naturally accounting
for the linear increase in T.. This effect should also be
detectable as a shift of the nuclear quadrupole resonance
(NQR) frequency at the surrounding nuclei.

The link between f-electron valence and the Kondo
effect is well established [31], but tandem pairing introdu-
ces a new element to this relationship. Changes in the
charge distribution around the Kondo ion can be read off
from its coupling to the changes in the chemical potential,
Ap(x) = |le]8H /S u(x). The sensitivity of the Kondo cou-
plings to w is obtained from a Schrieffer-Wolff transfor-
mation of a two-channel Anderson model, which gives
Ji' = AEp/Vi. Here, Vp are the bare hybridizations
and AET are the charge excitation energies. With a shift in
pw— o+ dux), SJt= il(I)F(x)|28,u(x)/V%’0. The
sign is positive for J; and negative for J, because they
involve fluctuations to the empty and doubly occupied
states, respectively: f0 =1 f1 =12 2 Differentiating
(11) with respect to 8 w(x), the change in p(x) will be

Ap(x) = |e|[(i ’

VLO) D1 = (‘%)Zlsz(x)lz]. (14)

For equal channel strengths, the total charge is constant,
and the f ion will develop equal hole densities in I'; and
electron densities in I'g, leading to a positive change in the
electric field gradient, dE./dz « (T, — T) >0 at the in-
plane In site that will appear as a shift in the NQR fre-
quencies growing abruptly below 7. (see Fig. 4).

The f-electron valence should also contain a small
superconducting shift, observable with core-level x-ray
spectroscopy, obtained by integrating (14): An(T) =
V2 o« (T. —T), as Ve Ay when J; > J,. While the

FIG. 4 (color online). As superconductivity develops, the in-
creasing occupations of the empty and doubly occupied states
cause holes to build up with symmetry I'J (orange) and electrons
with symmetry I's (blue). The resulting electric fields are shown
along the [110] direction (dashed line in inset). The inset shows
the locations of the indiums in-plane, In(1), and out-of-plane, In
(2). The electric field gradient 9E./dz > 0 at the In(1) site will
lead to a sharp positive shift in the NQR frequency at 7.

development of Kondo screening leads to a gradual valence
decrease through Ty, as it is a crossover scale, the develop-
ment of superconductivity is a phase transition, leading to a
sharp mean-field increase. Observation of sharp shifts at 7'
in either the NQR frequency or the valence would con-
stitute an unambiguous confirmation of the electrostati-
cally active tandem condensate.

The authors would like to thank S. Burdin, C. Capan, Z.
Fisk, H. Weber, R. Urbano, and particularly M. Dzero for
discussions related to this work. This research was supported
by National Science Foundation Grant No. DMR-0907179.

[11 H. Hegger et al., Phys. Rev. Lett. 84, 4986 (2000).
[2] C. Petrovic et al., J. Phys. Condens. Matter 13, 1337
(2001).
[3] J.L. Sarrao and J.D. Thompson, J. Phys. Soc. Jpn. 76,
051013 (2007).
[4] J.L. Sarrao et al., Nature (London) 420, 297 (2002).
[5] N. Mathur et al., Nature (London) 394, 39 (1998).
[6] K. Miyake, S. Schmitt-Rink, and C. M. Varma, Phys. Rev.
B 34, 6554 (1986).
[7] D.J. Scalapino, E. Loh, and J. E. Hirsch, Phys. Rev. B 34,
8190 (1986).
[8] M.T.Béal-Monod, C. Bourbonnais, and V. J. Emery, Phys.
Rev. B 34, 7716 (1986).
[9] P. Monthoux and G.G. Lonzarich, Phys. Rev. B 66,
224504 (2002).
[10] D. Aoki et al., J. Phys. Soc. Jpn. 76, 063701 (2007).
[11] H. Shishido et al., J. Phys. Soc. Jpn. 71, 162 (2002).
[12] R. Flint, M. Dzero, and P. Coleman, Nature Phys. 4, 643
(2008).
[13] H.P. Dahal et al., arXiv:0901.2323.
[14] P. Coleman, A.M. Tsvelik, N. Andrei, H. Y. Kee, Phys.
Rev. B 60, 3608 (1999).
[15] J. Gan, Phys. Rev. B 51, 8287 (1995).
[16] D.L. Cox and M. Jarrell, J. Phys. Condens. Matter 8, 9825
(1996).
[17] A.J. Millis and P. A. Lee, Phys. Rev. B 35, 3394 (1987).
[18] A.D. Christianson et al., Phys. Rev. B 70, 134505 (2004).
[19] S. Nakatsuji et al., Phys. Rev. Lett. 89, 106402 (2002).
[20] W.K. Park, J. L. Sarrao, J. D. Thompson, and L. H. Greene
Phys. Rev. Lett. 100, 177001 (2008).
[21] P. Ghaemi and T. Senthil, Phys. Rev. B 75, 144412 (2007).
[22] H. Weber and M. Vojta, Phys. Rev. B 77, 125118 (2008).
[23] P.W. Anderson, Science 235, 1196 (1987).
[24] N. Andrei and P. Coleman, Phys. Rev. Lett. 62, 595
(1989).
[25] T. Senthil, S. Sachdev, and M. Vojta, Phys. Rev. Lett. 90,
216403 (2003).
[26] A nonzero V, would indicate a composite nematic phase,
which is unstable to superconductivity.
[27] T. Muramatsu et al., J. Phys. Soc. Jpn. 70, 3362 (2001).
[28] Shinji Kawasaki et al., Phys. Rev. Lett. 94, 037007 (2005);
Phys. Rev. Lett. 96, 147001 (2006).
[29] V.P. Mineev and M.E. Zhitomirsky, Phys. Rev. B 72,
014432 (2005).
[30] E.D. Bauer et al., Phys. Rev. Lett. 93, 147005 (2004).
[31] O. Gunnarsson and K. Schonhammer, Phys. Rev. B 28,
4315 (1983).

246404-4


http://dx.doi.org/10.1103/PhysRevLett.84.4986
http://dx.doi.org/10.1088/0953-8984/13/17/103
http://dx.doi.org/10.1088/0953-8984/13/17/103
http://dx.doi.org/10.1143/JPSJ.76.051013
http://dx.doi.org/10.1143/JPSJ.76.051013
http://dx.doi.org/10.1038/nature01212
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1103/PhysRevB.34.6554
http://dx.doi.org/10.1103/PhysRevB.34.6554
http://dx.doi.org/10.1103/PhysRevB.34.8190
http://dx.doi.org/10.1103/PhysRevB.34.8190
http://dx.doi.org/10.1103/PhysRevB.34.7716
http://dx.doi.org/10.1103/PhysRevB.34.7716
http://dx.doi.org/10.1103/PhysRevB.66.224504
http://dx.doi.org/10.1103/PhysRevB.66.224504
http://dx.doi.org/10.1143/JPSJ.76.063701
http://dx.doi.org/10.1143/JPSJ.71.162
http://dx.doi.org/10.1038/nphys1024
http://dx.doi.org/10.1038/nphys1024
http://arXiv.org/abs/0901.2323
http://dx.doi.org/10.1103/PhysRevB.60.3608
http://dx.doi.org/10.1103/PhysRevB.60.3608
http://dx.doi.org/10.1103/PhysRevB.51.8287
http://dx.doi.org/10.1088/0953-8984/8/48/012
http://dx.doi.org/10.1088/0953-8984/8/48/012
http://dx.doi.org/10.1103/PhysRevB.35.3394
http://dx.doi.org/10.1103/PhysRevB.70.134505
http://dx.doi.org/10.1103/PhysRevLett.89.106402
http://dx.doi.org/10.1103/PhysRevLett.100.177001
http://dx.doi.org/10.1103/PhysRevB.75.144412
http://dx.doi.org/10.1103/PhysRevB.77.125118
http://dx.doi.org/10.1126/science.235.4793.1196
http://dx.doi.org/10.1103/PhysRevLett.62.595
http://dx.doi.org/10.1103/PhysRevLett.62.595
http://dx.doi.org/10.1103/PhysRevLett.90.216403
http://dx.doi.org/10.1103/PhysRevLett.90.216403
http://dx.doi.org/10.1143/JPSJ.70.3362
http://dx.doi.org/10.1103/PhysRevLett.94.037007
http://dx.doi.org/10.1103/PhysRevLett.96.147001
http://dx.doi.org/10.1103/PhysRevB.72.014432
http://dx.doi.org/10.1103/PhysRevB.72.014432
http://dx.doi.org/10.1103/PhysRevLett.93.147005
http://dx.doi.org/10.1103/PhysRevB.28.4315
http://dx.doi.org/10.1103/PhysRevB.28.4315

