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We propose an explanation of the superconducting transitions discovered in the heavy-fermion super-

lattices by Mizukami et al. [Nature Phys. 7, 849 (2011)] in terms of Berezinskii-Kosterlitz-Thouless

(BKT) transition. We observe that the effective mass mismatch between the heavy-fermion supercon-

ductor and the normal metal regions provides an effective barrier that enables quasi-2D superconductivity

in such systems. We show that the resistivity data, both with and without magnetic field, are consistent

with BKT transition. Furthermore, we study the influence of a nearby magnetic quantum critical point on

the vortex system and find that the vortex core energy can be significantly reduced due to magnetic

fluctuations. Further reduction of the gap with decreasing number of layers is understood as a result of pair

breaking effect of Yb ions at the interface.
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Thin film growth technology recently has advanced to
the point that artificial two-dimensional structures can be
fabricated with atomic-layer precision. This has enabled
the exploration of novel aspects of emergent phenomena in
low dimensional systems with unprecedented control.
Using the molecular beam epitaxy technique, Mizukami
et al. have grown CeCoIn5=YbCoIn5 superlattices, where
superconductivity was found to occur in the two-
dimensional Kondo lattice [1]. The combination of
f-electron physics, low dimensionality, and interface
effects provides a rare opportunity to study new states in
strongly correlated electron systems, e.g., unconventional
superconductivity, dimensionally tuned quantum criticality
[2], interplay of magnetism and superconductivity, Fulde-
Ferrell-Larkin-Ovchinnikov phases, and to induce symme-
try breaking not available in the bulk like locally broken
inversion symmetry [3].

Here, we investigate the mechanism for the onset of
superconductivity in such heavy-fermion superlattices.
We propose an explanation of the experimental results of
Ref. [1] within the framework of Berezinskii-Kosterlitz-
Thouless (BKT) transition and further study the interplay
of Kondo lattice physics and BKT mechanism. While well
established for superfluid films, BKT transition is less
convincing for superconductors (See Ref. [4] and referen-
ces therein). Though implications have been found in
numerous thin superconducting films [4–10], highly aniso-
tropic cuprates [11–14], and oxide interfaces [15–17], the
results have remained inconclusive (see, e.g., Ref. [18,19]).
It is therefore desirable to have a well-controlled, readily
tunable system to investigate the BKT physics. The epi-
taxially grown heavy-fermion superlattices may serve such
a role.

Quasi-two-dimensional superconductivity.—First, we
discuss why BKT is applicable to HF superlattices. In the

CeCoIn5=YbCoIn5 superlattice, one has a layered structure
of alternating heavy-fermion superconductor (CeCoIn5)
and conventional metal (YbCoIn5), typically 3.5 nm thick.
Proximity effects are expected to happen in such normal
metal/superconductor (N, S) junctions. For conventional
superconductors, the thickness of the leakage region is on
the order of the thermal length @vN=2�kBT, where vN is
the Fermi velocity in the N region (see, e.g., Ref. [20]). At
low temperatures, this thickness is typically of order
100 nm, which is much larger than the separation of
CeCoIn5 layers. One may thus expect a strong coupling
between the superconducting CeCoIn5 layers, and the sys-
tem would behave as three-dimensional superconductor.
However, as we will argue below, the large mismatch of
Fermi velocities across the interface changes the story
completely and enables quasi-2D superconductivity in
CeCoIn5 thin layers.
In normal metal/heavy-fermion superconductor proxim-

ity effect studies, it was realized that the large mismatch of
effective mass at the interface leads to huge suppression of
transmission of electron probability currents [21]. The
ratio rT of the transmitted probability current and the
incident current is determined by the ratio of the effective
masses, rT ’ 4ml=mh, for mh � ml [21]. The effective
mass of CeCoIn5 is of order 100me. For the more conven-
tional metalYbCoIn5, we take its effect mass to be of order
me. The transmission is thus on the order of one percent.
This result is intimately related to that of Blonder,

Tinkham, and Klapwijk [22,23], where it was shown that
the mismatch of Fermi velocities between the N and S
regions increases the barrier height between the two, with

the effective barrier parameter Z modified to Z ¼ ½Z2
0 þ

ð1� rÞ2=4r�1=2 where r ¼ vS=vN is the ratio of two Fermi
velocities. This gives essentially the same result as
Ref. [21]. This suppression factor significantly degrades
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the proximity coupling to the point where a 4 nm normal
layer renders heavy-fermion films essentially uncoupled. A
direct consequence of the reduced proximity effect is an
enhanced c axis resistivity, which can be measured directly
in experiment.

More extensive numerical studies of proximity effect in
N, S junctions have been carried out recently [24], where it
was shown that the proximity effect is substantially sup-
pressed with moderate mismatch of Fermi energies.
Another source of suppression of the proximity effect is
the pair breaking effects of Yb ions at the interface (see
Supplemental Material [25]). It is also expected that a
weak magnetic field can destroy the proximity-induced
superconductivity in YbCoIn5 layers [1,26].

Suppression of the proximity effect in the
CeCoIn5=YbCoIn5 superlattice and the fact that the thick-
ness of the CeCoIn5 layers is on the order of the perpen-

dicular coherence length �? � 20 �A [1], lead to the
conclusion that superconductivity in such systems is es-
sentially two dimensional, and one expects BKT physics to
be relevant in such systems.

BKT transition.—The basic experimental fact of
Mizukami et al. [1] is that when the number of CeCoIn5
layers n � 5, the upper critical field Hc2, both parallel and
perpendicular to the ab plane retains the bulk value, while
the transition temperature Tc decreases with decreasing n
(see Fig. 1). Hc2 in such systems is Pauli limited in both
parallel and perpendicular directions [1,27] and is thus a

direct measure of the superconducting gap, with HPauli
c2 ’ffiffiffi

2
p

�=g�B, where g is the gyromagnetic factor and �B is
the Bohr magneton. This means that the gap retains the
bulk value for n � 5. The behavior of the gap and Tc for
different number of CeCoIn5 layers is shown in Fig. 1. Our
proposal is that such behavior is due to the effect of phase
fluctuations, which for the quasi-two-dimensional super-
conductors considered here is controlled by Berezinskii-
Kosterlitz-Thouless physics [28,29].

For two-dimensional systems with continuous Abelian
symmetry, despite the lack of broken symmetry due to
strong fluctuations, there exists a finite temperature phase

transition mediated by topological defects, e.g., vortices
for superconductors [28,29]. Below the transition tempera-
ture TBKT, vortices and antivortices are bound into pairs,
and the resistance vanishes. Above TBKT, vortex-antivortex
pairs unbind, and the proliferation of free vortices destroys
superconductivity. For such systems, one thus has
Tc ¼ TBKT.
For layered superconductors, one also needs to include

interlayer couplings. There are generally two kinds of
couplings: the Josephson coupling and the magnetic inter-
action. Since the separation of the different CeCoIn5 layers
is larger than the perpendicular coherence length, the
interlayer Josephson coupling is weak and can be ignored.
The long range magnetic interaction couples vortices in
different planes and aligns vortices of the same sign into
stacks. Since the interlayer coupling is still logarithmic as
in two-dimensional superconductors, the phase transition
is expected to remain in the same universality class as BKT
transition [30]. This has been confirmed by detailed renor-
malization group studies [31–34] (see also Ref. [35]). It has
also been shown in Ref. [34] that Tc is only slightly
modified [36]. While such small modification may be
detected by future high precision measurements, as first
approximation we will ignore it in the following and
concentrate on the single-layer problem.
In the following, we are going to check whether the

experimental findings of Mizukami et al. [1] are consistent
with BKT transition: (i) First, we will examine whether
resistivity has the right temperature dependence. (ii) Then
we extract from the resistivity data the transition tempera-
ture TBKT. (iii) Finally, we will check whether TBKT has the
right dependence on the number of layers. We find that the
observations in Ref. [1] are consistent with BKT transition.

Near TBKT, resistivity behaves as �ðTÞ ¼
�0e

�bðT�TBKTÞ�1=2
[37], which gives ½d ln�ðTÞ=dT��2=3 ¼

ð2=bÞ2=3ðT � TBKTÞ. We plot in Fig. 2 the temperature

dependence of ½d ln�ðTÞ=dT��2=3 for the four different
cases with number of CeCoIn5 layers n ¼ 4, 5, 7, 9, where

one can see that ½d ln�ðTÞ=dT��2=3 is indeed linear in T,
and TBKT can be extracted from the intersection points. We
also notice that resistivity does not fall to zero at TBKT. It
retains a small nonzero value in a temperature region below
TBKT. This is generically observed for a BKT transition and
is attributed to the temperature difference between the
formation of single vortices and the subsequent vortex
condensation (see, e.g., Ref. [38] and references therein).
Now, we proceed to study the thickness dependence of

the BKT transition temperature. TBKT can be written as
[29,37,39,40]

kBTBKT ¼ �@2n2Ds ðTBKTÞ
8m�c

; (1)

with the dielectric constant �c � n2Ds =nRs , where n
R
s is the

renormalized carrier density. The unrenormalized 2D car-
rier density n2Ds ¼ n3Ds d is determined by the 3D carrier
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FIG. 1 (color online). Gap and Tc as function of number of
CeCoIn5 layers (data from Mizukami et al. [1]). For n � 5
(shaded region), gap retains the bulk value, while Tc decreases
with decreasing number of layers.
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density n3Ds ðTÞ ¼ n3Ds ð0Þ�2
bð0Þ=�2

bðTÞ and the film

thickness d. The bulk penetration depth �bðTÞ has a tem-

perature dependence of the form �bðTÞ ¼ �bð0Þ�
½1� ðT=Tc0Þ���1=2, with bulk mean field transition tem-
perature Tc0. In the usual two-fluid picture, the exponent
� ¼ 4. For cuprates and CeCoIn5, it has been found that
� ¼ 2 [41,42]. Thus, we have

TBKT

1� ðTBKT=Tc0Þ2 ¼ �@2n3Ds ð0Þ
8kBm�c

d: (2)

Noting that d ¼ nx� d0 ¼ ðn� n0Þx, with n the number
of CeCoIn5 layers, x the thickness of each layer, and d0 the
thickness of the dead layers on top and bottom, the above
result can be written as

TBKT½K�
1� ðTBKT=Tc0Þ2

¼ 0:98½cm�x
�2
bð0Þ

1

�c
ðn� n0Þ: (3)

We plot in Fig. 3 TBKT as function of the number of
CeCoIn5 layers. The experimental results are in good
agreement with the theoretical prediction determined
from Eq. (3). Taking �bð0Þ ¼ 358 nm [42], x ¼ �c=4 ¼
2:1 nm=4, we get the fitting parameter �c ’ 90. With
��2 ¼ ��2

b =�c, our prediction is that the penetration depth
of the superlattice is enhanced by about one order of
magnitude from the bulk value. Furthermore, another im-
portant prediction from BKT transition that can be checked
is that the penetration depth of the superlattice � satisfies
the universal relation [39]

kBTBKT ¼ �2
0

32�2

d

�2
; (4)

right below the transition temperature, where �0 ¼ hc=2e
is the flux quantum.

Antiferromagnetic vortex core.—We extract from the
experiment [1] a large dielectric constant �c, which indi-
cates a large fugacity or a small vortex core energy [29,39].
(See Supplemental Material [25].) Here, we try to under-
stand where such a large renormalization may come from.
We find that at the vortex core, where the superconducting
gap is suppressed, magnetic ordering can occur locally
(see, e.g., Ref. [43]), which reduces the vortex core energy.
A salient feature of the heavy-fermion superconductor

CeCoIn5 is the proximity to an antiferromagnetic quantum
critical point (QCP). Therefore, one may expect that fluc-
tuating magnetic order may influence the vortex dynamics
in the heavy-fermion superlattices. Suppression of the
superconductivity in the core can induce the antiferromag-
netic state in the cores as opposed to a simple metal in
conventional superconductors. To model this effect, we
consider magnetic moment that couples to the vortex via
a Zeeman term g�BH

z
vS

z, where Hz
v is the magnetic field

generated by vortices.Hz
v is a superpostion of the magnetic

fields generated by vortices at different locations, Hz
vðrÞ ¼P

iniH0ðr�RiÞ, with ni the vorticity. H0ðrÞ can be ob-
tained from its Fourier transformH0ðkÞ ¼ �0=ð1þ �2k2Þ,
with result H0ðrÞ � ð�0=�

2ÞK0ðr=�Þ, where K0 is the
modified Bessel function of the second kind. For r � �,
K0ðr=�Þ � lnr.
Zeeman coupling induces a precession of the magnetic

moment perpendicular to the magnetic field, which can be
captured by modifying the kinetic energy density to
ð@��þ ig�BH��Þ2, where � is the sublattice magne-
tization density [44–46]. For H in the z direction, one can

define � ¼ ð	x þ i	yÞ=
ffiffiffi
2

p
. Consider the static limit, its

free energy density reads (see Supplemental Material [25]).

F � ¼ jr�j2 þ ½�� g2�2
BH

2ðrÞ�j�j2 þ 
j�j4: (5)

Near the vortex core, H � lnjr� rij can be very large.
Close to the QCP, � is small. When ~����g2�2

BH
2<0,

the vortex core becomes antiferromagnetic, and qualita-
tively j�j2 ¼ �~�=2
 and the potential energy V� ¼
�~�2=4
 < 0. Thus, the vortex core energy is significantly
reduced due to magnetic fluctuations.
More precisely, we consider the equation of motion

½�r2 þ �� g2�2
BH

2
0ðrÞ þ 2
j�ðrÞj2��ðrÞ ¼ 0; (6)
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n
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FIG. 3 (color online). The BKT transition temperature TBKT as
function of the number of CeCoIn5 layers. The dashed line is
Tc0 ¼ 2:3 K. The solid line is a fit to the theoretical result, with

TBKT

1�ðTBKT=Tc0Þ2 ¼ 0:444ðn� 0:317Þ.

FIG. 2 (color online). Resistivity as function of temperature
for n ¼ 4, 5, 7, 9 (data from Mizukami et al. [1]). The BKT
transition temperature is determined from the intersection
with the T axis to be TBKT ¼ 1:202, 1.344, 1.582, 1.712 K,
respectively.
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where a vortex of unit vorticity is placed at r ¼ 0. Far away
from the vortex core, i.e., r� �, H0 decays exponentially,
and � ¼ 0 is the lowest energy solution. Near the vortex
core, we can ignore � and �ðrÞ � lnðr=�Þ is the lowest
energy solution. The change of vortex core energy is
�Ec ¼

R
d2rF ½�ðrÞ� � �g4�4

B�
4
0=
�

6 � �V0 < 0. For
small 
, core energy lowering effect can be very large.

We also notice that the vortex core energy depends on �,
the distance to the QCP. With the dimensionless quantity
a � ��4=g2�2

B�
2
0, the change of vortex core energy is

�Ec ��V0

Rr	=�
0 xdxðln2x� aÞ2, where r	 ¼ �e�

ffiffi
a

p
is

the radius where magnetic condensate vanishes. And we

have �Ec ��V0e
�2

ffiffi
a

p ð3þ 6
ffiffiffi
a

p þ 4aÞ (see Fig. 4). One
can thus tune the vortex fugacity by changing the distance
to the QCP. It would be interesting to see whether phase
diagrams as shown in Fig. 4 can be observed
experimentally.

Effect of the magnetic field.—In the presence of a per-
pendicular magnetic field (H ? ab), there will be an im-
balance of vortices parallel to the magnetic field and those
antiparallel, with jnþ � n�j> 0. The unbounded vortices
will give rise to finite resistance. When the magnetic field
is applied parallel to the ab plane, there will be no such
effects. This explains the enhanced resistivity when apply-
ing perpendicular magnetic field [Fig. 2c in Ref. [1]]. One
can also see that a small parallel field will not change TBKT,
i.e., @T=@Hc2k ¼ 0 near TBKT, while a small perpendicular

field will reduce TBKT, i.e., @T=@Hc2? < 0 near TBKT, as
observed in Fig. 4a of Ref. [1]. Near TBKT, where both
Hc2k and Hc2? approach zero, the ratio Hc2k=Hc2? ¼
ð@T=@Hc2?Þ=ð@T=@Hc2kÞ thus diverges, as seen in

Fig. 3b of Ref. [1].
Conclusions.—In conclusion, we have proposed that

superconducting transition in the heavy-fermion superlat-
tice of Mizukami et al. [1] is controlled by BKT transition
of vortex-antivortex (un)binding. We have also shown that
magnetic fluctuations modify the conventional BKT dis-
cussion since they reduce the vortex core energy, and thus,
quantum criticality may strongly influence the phase dia-
gram of the vortex system. We made suggestions to further

test our proposal: the most clear signature of the BKT
transition is a jump in the superfluid density at the tran-
sition [39], which can be detected by measuring the pene-
tration depth. CeCoIn5 sandwiched with insulating layers
may make an even better two-dimensional superconductor.
In the opposite limit of a very thin normal YbCoIn5 layer,
we expect the crossover to conventional 3D superconduct-
ing transitions that also would be interesting to test. In a
dense vortex matter, vortex-antivortex pairs may crystal-
lize, and subsequent melting may lead to intermediate
hexatic phase [47,48]. It would be interesting to look for
such phases in systems close to a magnetic QCP, where
vortex core energy can be substantially reduced.
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Contract No. DE-AC52-06NA25396.
Note added.—While this work was under review, we

received a preprint by Fellows et al. [52], where they study
a related problem of BKT transition in the presence of
competing orders, focusing on the behavior near the high
symmetry point.
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