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Spin fluctuations and superconductivity in layered f-electron superlattices
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We investigate magnetic and superconducting properties of layered f-electron superlattices within the
fluctuation exchange approximation (FLEX). We show that spin fluctuations, which are characterized by the
maximum value of the spin susceptibility in the three-dimensional (3D) Brillouin zone, are strongly suppressed in
f-electron superlattices. However, effective 2D spin fluctuations can be increased due to the spatial confinement
of the f electrons. Therefore the tendency towards d,>_2-wave superconductivity, mediated by these spin
fluctuations, can be strongly increased in f-electron superlattices. This is in sharp contrast to superlattices
composed of conventional s-wave superconductors, where superconductivity is generally suppressed.
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I. INTRODUCTION

Recent experimental realizations of layered superlattices,
Celns/Laln; and CeColns/YbConlns, have opened new pos-
sibilities in the field of f-electron systems [1-4]. Due to
a nontrivial interplay of strong correlations and tunable
dimensionality, novel phenomena have been observed in these
f-electron superlattices, which have not been seen so far in
existing magnetic/superconducting superlattices composed of
weakly or noninteracting systems [5—14].

For example, it has been found that the magnetic properties
of Celnz(n)/Lalns(4) superlattices [1] depend on the thickness
of the Celn; layer within the unit cell of the superlattice. In
bulk Celns, the coherence temperature is T,on ~ 50 K and
the Néel temperature is 7y ~ 10 K with an ordering vector
Q = (m,m,m) [15-17]. Remarkably, it has been reported
that the Néel temperature of the superlattice is suppressed
when the width of the Celns layers, n, is reduced, and
eventually approaches zero for n = 2. At the same time, a
linear temperature dependence in the in-plane resistivity is
observed for n =2, suggesting that the dimensionality of
the antiferromagnetic (AF) spin fluctuations is reduced from
three dimensions in bulk Celn; to two dimensions in the
superlattice. Such an anomalous behavior in the resistivity
has never been observed in previous studies of magnetic
superlattices, and would be characteristic for f-electron
superlattices.

Furthermore, superconductivity in CeColns/YbColns su-
perlattices has been investigated [2—4]. In bulk CeColns, the
coherence temperature is Tco, ~ 50 K and the superconducting
transition temperature is 7, ~ 2.3 K [17,18]. CeColns is
located near an AF quantum critical point and AF spin
fluctuations are expected to be important for the normal state
as well as for superconductivity. In the bulk system, the AF
spin fluctuations are especially strong around Q = (7,7, 7)
due to the nesting of the Fermi surface, and they can be
characterized as 3D-like [19-21]. It is generally considered
that the superconductivity exhibits d,>_,>-wave symmetry
and is mediated by these AF spin fluctuations. Experiments
on CeColns/YbColns superlattices have demonstrated that
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superconductivity exists even for thin CeColns layers and that
the superconducting transition temperature 7, is suppressed
as the width of the CeColns layers in the unit cell is reduced.
However, it must be noted that at the same time effects of
disorder, which are estimated from the residual resistivity,
are increased in thin CeColns layers. It is thus unclear,
how the superconductivity behaves in “clean” f-electron
superlattices.

Motivated by these experiments, there have been several
theoretical studies. The effects of a possible Rashba-like
spin-orbit coupling due to local inversion symmetry breaking
near the interfaces of the Ce layers and the spacer lay-
ers [22-25] have been investigated. When the Rashba-like
interaction is sufficiently large, the Pauli depairing effect is
greatly suppressed and novel superconducting states might
be stabilized when a magnetic field is applied. In another
theoretical study, the experimental data were analyzed based
on the Berezinskii-Kosterlitz-Thouless transition by regarding
the superlattice as a junction composed of a normal metal and
a superconductor [26]. If this junction picture is applicable
to the f-electron superlattice, then superconductivity in the
YbColns layer would be strongly suppressed, because of a
large mismatch between the Fermi velocities of the CeColns
layer and the YbColns layer, leading to a two-dimensional
superconductivity in the CeColns layers.

In these previous studies, neither electron correlations nor
the superlattice structure are explicitly considered. However,
these are two key ingredients in f-electron superlattices and
distinguish them from all the existing noninteracting super-
lattices and the bulk f-electron compounds. To understand
f-electron superlattices, it is necessary to clarify the impact
of electron correlations and the superlattice structure, and also
their possible interplay. In two previous studies, the present
authors already discussed the Kondo effect and quasiparticles
properties [27,28] using the dynamical mean field theory
(DMFT), which captures local strong correlations, but neglects
nonlocal fluctuations. This time, we analyze magnetic and
superconducting properties of f-electron superlattices using
the fluctuation exchange approximation (FLEX) in order to
describe spatially extended spin fluctuations [29]. We use
a periodic Anderson model (PAM) which is defined on a
superlattice. This model can be considered as a minimal
model to describe f-electron superlattices, because it takes
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into account both the electron correlations and the superlattice
structures.

This paper is organized as follows. In Sec. II, we introduce
our model, the FLEX approximation for the spin fluctuations,
and the Eliashberg equations for the superconductivity. Spin
fluctuations are discussed in Sec. III, and the superconducting
instability is examined in Sec. I'V. Finally, in Sec. V, we shortly
summarize this paper.

II. MODEL

Because the f electrons in the Yb sites form a closed shell,
the YbColns layers in CeColns/YbColns superlattices can be
treated as normal uncorrelated metals. Indeed, the resistivity
in bulk YbColns shows a monotonic temperature dependence
without any signature of the Kondo effect. Similarly, in the
Celns/Laln; superlattices, only the Celn; layers provide f
electrons at the Fermi energy. Therefore both superlattices can
be considered as heterostructure composed of layers including
f electrons and layers without. In order to understand these
f-electron superlattices, we introduce a PAM, which consists
of two kinds of layers, henceforth called “A” and “B layers.”
The A layers include conduction electrons (c electrons) and
f electrons, which corresponds to Celns or CeColns layers,
while within the B layers only ¢ electrons exist, which
corresponds to the Laln; and YbColns layers. Our Hamiltonian
thus reads
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where ¢, and f,, are annihilation operators for the conduction
electrons and the f electrons, respectively. r = (r),z) =
(x,y,z) is a site index which is composed of an in-plane
index, 7, and a layer index z. o corresponds to the spin index.
Each layer forms a square lattice, and hopping is only allowed
between nearest neighbor sites for simplicity; t¢_, = t{ for

r|z r
ry #ryandz; =15 forz # 7' wherea =c, f. The number
of A and B layers within the unit cell of the superlattice are
given by L4 and L. In the present study, we fix L4 = 1 for
which effects of the spatial confinement of the f electrons
are expected to be particularly strong. Because of tzf = 0 and
the absence of a direct hopping between the A layers, which are
separated by the B layers, the f electrons can move along the
z direction only through the B layers. The model parameters
are chosen as (t{,V,er) = (5.0,2.0,0) and the total filling is
fixed to n = n¢ + n’ = 0.95, which are a reasonable set of
parameters and similar to the ones used in the previous DMFT
study [27]. The interaction strength is fixed at a moderate value,
U = 3.0, for which a clear divergence in the spin susceptibility
of the 3D system (L = 0) is visible at low temperature. The
z-axis hopping t5 characterizes an anisotropy of the system for
Lg =0.

PHYSICAL REVIEW B 92, 035129 (2015)

In order to analyze momentum-resolved properties, we
perform a Fourier transform,

_ c
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kyk;

where the unitary matrices U and U/ are defined as
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k) = (ky,ky). The layer index z is parametrized as z = LZ; +
Zowith0 < %, < LforU¢andZ, = 1forUf,and0 <[ < L
forU¢, qf = 2nl/L.The momentum along the z axis is defined
within the reduced Brillouin zone (RBZ), 0 < k; < 27 /L. N
is the total number of sites within a layer and N, is the total
number of layers. Thus the total number of sites is given by
N = N|N..

In FLEX, we focus on spatially extended spin fluctua-
tions [29]. The self-energy and susceptibilities in the normal
state are given by
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where k = (iw,,k) with k = (k,k.). G/ (k) is the f-electron
Green’s function in the f, basis. Note that the f-electron
contributions to the total spin susceptibility are dominant,
especially near magnetic criticality, and that they are strongly
enhanced by the interaction U. On the other hand, contribu-
tions from the ¢ electrons are not enhanced by an interaction
term in the present model.

The superconducting instability is investigated within the
linearized Eliashberg equation for the singlet gap function
A (k),

T
f - for 1! FeN2AS (L
Al (k) = N;vx (k — KNGT(KHPA (K, (1)
1 3
Vi =U- S0 @+ 0 @. (12

It is noted that ¢ electrons can only become superconducting
via the f electrons by the proximity effect, because of the
absence of c-electron interactions. The proximity effect is well
taken into account in our calculations because the f-electron
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FIG. 1. (Color online) Spin susceptibility x/ (iw, = 0,¢) at T = 0.1 in the xz plane at ¢, = 7 for £{ = ¢{ for different L.

Green’s function G/ fully includes the hybridization processes
between the f and the c electrons through V.

III. SPIN FLUCTUATIONS

In this section, we discuss the spin fluctuations as calculated
by the FLEX. First, we consider an isotropic parameter set,
t5 =t, where anisotropy between the xy and z directions
can only originate from the superlattice structure when
Lp > 1. Figure 1 shows the g dependence of the magnetic
susceptibility, Xsf (iw, = 0,q), at relatively high temperature,
T = 0.1. The positions of the maximum values of Xsf oscillate
depending on the number of spacer layers Lg. When L is
even, the maximum values are located at Q = (w,m,7/L);
when Lp is odd they are at Q = (;,m,0). These momenta
correspond to the spin configurations shown in Fig. 2.

When L is odd (even), the magnetic coupling between
different A layers, which is mediated by the c electrons, is
ferromagnetic (antiferromagnetic). Due to the proximity to
the A layers, small moments are induced into the spacer B
layers in a consistent way with the magnetic structures of
the A layers. Similar oscillating interlayer magnetic structures
and induced moments have been found in DMFT calculations,
which support the present FLEX study [30]. Furthermore,
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FIG. 2. (Color online) Schematic picture of the spin configura-
tions for Ly = 1 (left) and Lz = 2 (right). Shaded layers and white
layers are A and B layers, respectively.

such oscillations in the magnetic interlayer coupling have also
been commonly found in ferromagnetic superlattices [10—12].
One intuitive understanding of this phenomena is based on
the RKKY interaction between magnetic layers separated
by metallic spacer layers [13,14]. The magnetic interlayer
coupling is asymptotically given by ~J sin2krz/z> with the
Fermi wave number kr and coupling strength J. In the present
study, the system is close to half-filling so that the Fermi wave
number of the ¢ electrons at V = 0 along the z axis is ~m/2,
which leads to the above-mentioned periodicity in Xsf (@)-

We can estimate the strength of the spin fluctuations by the
maximum value Xsf (iw, = 0, Q), which we show in Fig. 3. We
want to note here, that the magnitude of this maximum value is
strongly parameter dependent, because already small changes
in the density of states can lead to a substantial enhancement of
the Stoner factor [Eq. (10)], if the system is close to magnetic
criticality. A general behavior observed in our calculations is
that the susceptibility Xsf for the 3D bulk system (without
superlattice structure, Lg = 0) strongly increases below a
characteristic temperature 7y, indicated by the shaded region in
the figure, Ty ~ 0.05. At the same temperature, the single peak
in Xf , which is present at high temperature (Fig. 1), is split

14
12
10

max st(Q)

o N A~ O

FIG. 3. (Color online) Temperature dependence of the maximum
value of Xsf (iw, = 0,q) for t5 =t{. Shaded region indicates the
characteristic temperature scale Tj.
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FIG. 4. (Color online) Spin susceptibility x/ (iw, = 0,¢) at T = 0.03 in the xz plane at ¢, = 7 for #5 = #{. The inset in each panel shows
a magnification of the BZ as marked by the yellow square in the main plot.

as shown in Fig. 4. Due to the hybridization between ¢ and f
electrons, the Fermi surface is split and the nesting properties
are changed at low temperatures as seen in Fig. 5. Thus, the
spin fluctuations are strongly affected by V for T < T where
heavy fermions with long lifetime are well formed within the
present FLEX calculations.

In the f-electron superlattice, Lg # 0, the Fermi surface
differs strongly from the 3D bulk system [27]. Particularly,
a g, dependence of Xsf (q) arises only from ¢#; through V,
because a direct hopping between different A layers separated
by the spacer B layers is forbidden in the present model. A
general behavior observed for the superlattice is that, similar
to the bulk system, the single peak in the susceptibility at
high temperature is split into four peaks at low temperatures,
T < Ty ~ 0.05, as shown in Fig. 4. However, the abrupt
increase in the susceptibility, which is observed in the bulk
system at low temperature, is cut off in the superlattice around
To and the susceptibility decreases for T < Ty, as shown
in Fig. 3. While at high temperature, 7 > T, the Fermi
surface is mainly determined by the ¢ electrons, below Ty
the f electrons and thus the superlattice structure become
important. As a consequence, for temperatures below Ty the
nesting of the Fermi surface in the superlattice is changed and
Q ~ (w,m,m) is no longer a good nesting vector as can be

2n/L

RN (N

FIG. 5. (Color online) Fermi surface as given by the spectral
function (—1/7)ImG/ (in T,k) at a low temperature T = 0.03 with
ky =0for Lg = 0 (left) and Ly = 1 (right).

seen in Fig. 5. Therefore, as T is decreased and the Fermi
surface becomes affected by the superlattice structure through
V, the lack of good nesting properties of the Fermi surface
cuts off the enhancement of the spin fluctuations. We note that
the large value of max| Xsf ] for Lg = 1 originates in a large
density of states near the Fermi energy due to the superlattice
structure [28], which leads to a substantial enhancement in the
Stoner factor, as mentioned above. However, while this strong
enhancement at finite temperature for Lg = 1 is strongly
parameter dependent, the decrease of the susceptibility in the
superlattice below T has been observed for a wide range of
the parameters.

As shown in Fig. 4, spin fluctuations in the superlattice are
smeared out at low temperatures within the g, direction. The
q, dependence of Xsf (g) becomes weaker as Lp is increased.
Thus, spin fluctuations become more two-dimensional-like
when L g is increased. However, this also means that the peak
height of Xsf (¢) in the 3D Brillouin zone is not an appropriate
measure for the strength of the spin fluctuations when Lp is
large. In order to estimate the strength of the spin fluctuations,
we consider an effective 2D spin susceptibility:

) 1 )
Xhptiong)) = -3 x i), (13)
< q:

XSJ;D(q”) has its maximum at Q| ~ (,7) for any Lp in the
present model. We show the temperature dependence of the
maximum values of XSJ;D(q”) in Fig. 6. Although max[X‘YfZD]
in the superlattice (Lp > 1) does not show a divergence
at low temperature, this effective 2D spin susceptibility is
clearly enhanced compared to the 3D PAM (Lg = 0) for
the calculated temperature range. We note that the change
in dimensionality of the spin fluctuations from 3D to 2D
has also been experimentally observed in the Celns/Lalns
superlattice as the Celnz-layer thickness (L 4 in our model) was
tuned with a fixed Lalns-layer thickness (Lp). [1] Although
we cannot directly compare our results to the experiments,
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FIG. 6. (Color online) Temperature dependence of the maximum
value of x)p(iw, = 0,q) for t; = t{. Symbols are the same as in
Fig. 3

the suppression of the magnetic order in the superlattice and
the calculated 2D-like character of the spin fluctuations are
consistent with the experiments.

Up to now, we have analyzed the magnetic susceptibility for
an isotropic model. However, CeColns exhibits a cylindrical
Fermi surface [21]. In order to investigate effects of an
anisotropy in the original 3D model, we consider a system
with a more 2D-like set of hopping parameters, t5 = 0.5¢{.
Similarly to the isotropic hopping parameter set, we observe
even-odd oscillations of the peak positions when Lpg is
changed, as shown in Fig. 7.

We show the temperature dependence of the maximum
values of Xsf (T) within the 3D Brillouin zone in Fig. 8. The
susceptibility of the 3D PAM (L g = 0), max[ xsf (T)], behaves
again monotonically and rapidly grows at low temperature.
Furthermore, any increase in max[ Xsf (T)] for the superlattice,
Lp > 0, is again cut off at low temperatures.

However, because of the anisotropic parameter set, the bulk
system, Lp = 0, already includes strong 2D spin fluctuations,
and the effective 2D spin susceptibility Xssz (not shown in

PHYSICAL REVIEW B 92, 035129 (2015)

f
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FIG. 8. (Color online) Temperature dependence of the maximum
value of x/(iw, = 0,q) for 5 = 0.5¢;.

the paper) is less enhanced in the superlattices. Comparing
the results for the two parameter sets, 5 = ¢ and #; = 0.5¢],
we find that the impact of the f-electron confinement to
the A layers is stronger when the hopping parameters are
more three-dimensional. This is reasonable, because in the
limit of decoupled layers, t§ — 0, the superlattice structure
does not play a role at all. We have confirmed this tendency
by performing similar calculations for different hopping
parameters.

IV. SUPERCONDUCTIVITY

Finally, we investigate the impact of the increased 2D
spin fluctuations in the superlattice on the superconductivity
by solving the Eliashberg equation (11). First, in order to
understand the proximity effect in our model, we consider

s-wave superconductivity by replacing v,/ (g) in Eq. (11) by
Vivae(@) = —Uob(@p — o)), (14)

where we fix wp =1.0 and Uy is tuned so that A =1
when Lgp =0 and T = 0.02. We then solve the Eliashberg
equation without self-energy. Thus electron correlations are

Lg=0 Lg=1 Lg=2
2r 3 2m/L 2m/L
3n/2 2 3m/2L 3m/2L
s = = & 7l S
1 =
/2 /2L /2L
0 0 0 0
0 w2 m 3m22n 0 w2 m 3w22n 0 w2 m 3mw22n
Ax Ay Ax
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2m/L 2m/L ﬂ 2m/L
3m/2L 3m/2L ] : 3m/2L ;
& & }l &
n/2L n/2L i

0 W2 m 3mw22n
Ax

I
0 w2 =m 3mw22n
ax

/2L ]l
0
0 n2 =n
Ax

3m/2 2m

FIG. 7. (Color online) Spin susceptibility x/ (iw, = 0,¢) at T = 0.1 in the xz plane at g, = 7 for #5 = 0.5¢{.
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FIG. 9. (Color online) Maximum eigenvalue A for the s-wave
superconductivity at fixed 7 = 0.02.

not included in this calculation. In Fig. 9, we show the
maximum eigenvalues, max[1], of the Eliashberg equation
which corresponds to the strength of the superconducting
instability.

The largest eigenvalue, A, rapidly decreases as Lp is
increased, showing slight oscillations due to changes in the
density of states at the Fermi energy, which depend on the
details of the model parameters. Thus, if conventional s-wave
superconductivity, mediated by phonons, were realized in
CeColns/YbColns superlattices, one can expect that 7, is
strongly decreased in the superlattice. Such a suppression
of the superconductivity has been commonly observed in
superlattices composed of s-wave superconductors and normal
metals [5-9]. Experimentally, 7, is lower in all the previous
conventional superlattices compared to the corresponding bulk
systems. It has theoretically been shown that the superconduct-
ing transition temperature 7, is suppressed in an exponential
way in layered systems when the thickness of the normal metal
layer Ly is increased [31-34],

Te(Ly) = Tc(0) — 8T. tanh(L y /&), 5)

where 8T, ~ (T.(Ly)/T.(c0o)T.(0) — T.(c0)) and & is ef-
fective coherence length. This suppression of 7. comes from
the fact that the pairing interaction, which exists only in the
superconductor layer, mediates superconductivity not only in
the superconductor layer, but also in the normal metal layer.
Since this is a general property of the proximity effect, one
could naively expect a suppression of superconductivity also
for d-wave states, which are mediated by the spin fluctuations.

In order to examine this further, we solve the Eliashberg
equation with the pairing interaction v,/ (g) corresponding
to spin fluctuations and the normal self-energy for ¢; = #].
Contrary to the s-wave superconductivity, as seen in Fig. 10,
the maximum eigenvalues for the d,»_,>-wave superconduc-
tivity mediated by the spin fluctuations are enhanced in the
f-electron superlattices.

Although the eigenvalues, max[1], do not reach unity for
the calculated temperature range, these results suggest that
T. for d,»_,>-wave superconductivity can be higher in the
superlattice than in the bulk system. This strong d-wave
superconducting instability in the f-electron superlattice can
be understood by focusing on the effective 2D spin fluctuations
discussed in the previous section. In order to stabilize the

PHYSICAL REVIEW B 92, 035129 (2015)
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FIG. 10. (Color online) The maximum eigenvalue of the Eliash-
berg equation for the d,2_»-wave superconductivity when t; = f{.

dy>_2-wave superconductivity with A(k) o (cos k, — cos k),
the g, dependence in st (g) is irrelevant and we only need
to consider the g.q, dependence. As exemplified in Fig. 11,
typical profiles of the d,>_,2-wave gap functions are indeed
A(k) ~ (cosk, — cosk,) and their k, dependence is weak for
any L. If we neglect the k, dependence in |G/ (k)|?, the
Eliashberg equation is reduced to

T X .
A (ky) = % > Vihotky — kDIGT (RDPAT (k). (16)
-

Y Vi@. amn

9z

s 1

Van(q) = N.

From this equation, it is clear that the most important part
of the pairing interaction is determined by XSJ;D(q”) which is
enhanced in the superlattice (Fig. 6). This enhancement of the
effective pairing interaction can lead to an increased 7;, which
is a consequence of the interplay between strong interaction
among the f electrons and the confinement of them within the
superlattice structure. This is characteristic for the f-electron
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2n
3n/2
2l ”_i/
/2
0

0 w2 = 3m/22n
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0 w2 m 3m22n
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X X
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= N omL £
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/2L
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0 m2 m 3n/22=n
k

X X

FIG. 11. (Color online) Gap functions A(k,,ky,k, =0) and
A(ky,ky =0,k;) at w, =T for Ly =0,1 when 5 =t and T =
0.02 in arbitrary units.
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FIG. 12. (Color online) The maximum eigenvalue of the Eliash-
berg equation for the d,2_ ,»-wave superconductivity when z; = 0.5¢].

superlattice. We note that a similar enhancement of super-
conductivity has been theoretically found in 3D bulk models
when tuning the hopping parameter in the z direction [35,36].
However, in these studies the proximity effect does not play
a role. In our present study, superconductivity is enhanced as
a result of a subtle interplay between the proximity effect and
an increase of spin fluctuations in the superlattice.
Results for max[A] when ¢; = 0.5¢] are shown in Fig. 12.

For this parameter set, the enhancement of Xssz in the
superlattice is weak. Therefore also the maximum eigenvalue
of the Eliashberg equation are only slightly increased in the
superlattice. T, in the superlattice would be similar to the bulk
value when the hopping parameters are 2D-like. However, the

enhancement of Xssz in the superlattice due to the f-electron
confinement is still important for these parameters. It almost
cancels the suppression of d-wave superconductivity due to the
proximity effect. Therefore 7, in the superlattice can remain
as high as in the bulk (L5 = 0) even for large L.
Experimentally, it has been observed that 7, is lower in
the CeColns/YbColns superlattice than in bulk CeColns with

PHYSICAL REVIEW B 92, 035129 (2015)

T, ~ 2.3 K. We think that this can be explained by two reasons.
First, the Fermi surface of CeColns is cylindrical [21] and thus
would be better described by the anisotropic parameter set in
our calculations. Second, disorder effects seem to be strong
for thin CeColns-layer superlattices [2]. In the experiments,
the thickness of the YbColns layers has been fixed and the
number of the CeColns layers has been tuned. We expect that
if the thickness of the YbColns layer is changed with a fixed
CeColns-layer width, the behavior of 7. will deviates from
conventional normal-metal/superconductor superlattices.

V. SUMMARY

We have investigated the f-electron superlattice based on
FLEX. We found that the nature of the spin fluctuations
is modified by the superlattice structure and the @ vectors
corresponding to the maximum in the susceptibility depend on
the width of the spacer layers, similar to conventional magnetic
superlattices. While the strength of the 3D spin fluctuations,
characterized by max[xsf (¢)] in the 3D Brillouin zone, is
suppressed in the superlattice because good nesting properties
of the Fermi surface are lost, effective 2D fluctuations are
enhanced because of reduced dimensionality. These enhanced
spin fluctuations can lead to higher T in the case of d,>_,-
wave superconductivity in the superlattice than in the bulk
compounds, which is in sharp contrast to all the conventional
superlattice superconductors. We hope that these results will
lead to further experiments analyzing 7, in clean f-electron
superlattices.
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