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The formation of heavy fermion bands can occur by means of the conversion of a periodic array of local

moments into itinerant electrons via the Kondo effect and the huge consequent Fermi-liquid renormalizations.

Leggett predicted for liquid 3He that Fermi-liquid renormalizations change in the superconducting state, leading

to a temperature dependence of the London penetration depth Λ quite different from that in the BCS theory.

Using Leggett’s theory, as modified for heavy fermions, it is possible to extract from the measured temperature

dependence of Λ in high quality samples both Landau parameters F s

0 and F s

1 ; this has never been accomplished

before. A modification of the temperature dependence of the specific heat Cel, related to that of Λ, is also

expected. We have carefully determined the magnitude and temperature dependence of Λ in CeCoIn5 by muon

spin relaxation rate measurements to obtain F s

0 = 36 ± 1 and F s

1 = 1.2± 0.3, and find a consistent change in

the temperature dependence of Cel. This, the first determination of F s

1 with a value ≪ F s

0 in a heavy fermion

compound, tests the basic assumption of the theory of heavy fermions, that the frequency dependence of the

self-energy is much more important than its momentum dependence.

PACS numbers: 71.27.+a, 74.70.Tx, 75.40.-s,76.75.+i

A major development in condensed-matter physics over

the last 35 years has been the discovery and investigation of

heavy-fermion compounds and the unconventional supercon-

ductivity they exhibit [1, 2]. For this class of systems, based

on rare-earth and actinide elements (i.e., elements with par-

tially filled 4f or 5f electron shells), the attribute “heavy” is

often associated with the Kondo effect (reflecting the correla-

tion between localized f moments and conduction electrons)

which leads to strong renormalization of the effective mass of

the electron at low temperatures. Heavy-fermion compounds

behave like a system of heavy itinerant electrons, the proper-

ties of which can be described in the framework of a Landau

Fermi-liquid formalism.

Leggett [3] predicted for liquid 3He that Fermi-liquid renor-

malizations change in the superconducting state, leading to

temperature dependences of physically observable quantities,

e.g., the London penetration depth Λ, quite different from

those in the BCS theory. For T → Tc, Λ is renormalized

from its value in the BCS theory by the effective mass, but for

T → 0, where there are no thermally excited quasiparticles,

Λ retains the BCS value. A modification of the temperature

dependence of the specific heat Cel related to that of Λ is also

expected.

Unlike liquid 3He, heavy fermions are two-component

systems in which Landau renormalization, which relies on

Galilean invariance, does not work. In heavy-fermion systems

the effective mass is primarily determined by the “compress-

ibility renormalization coefficient” F s
0 , with F s

1 only a correc-

tion to it [4]. Then Leggett’s change of renormalization on en-

tering the superconducting state, which only depends on F s
1 ,

is modified. Using Leggett’s theory, as modified for heavy-

fermions [5], it is possible to extract both the Landau param-

eters F s
0 and F s

1 from the measured temperature dependence

of the London penetration depth in high quality samples. This

has, however, never been accomplished before.

This Letter reports muon spin relaxation (µSR) experiments

in the superconducting and normal states of CeCoIn5, and dis-

cusses their implications for the theory of heavy-fermion sys-

tems. The London penetration depth derived from the mag-

netic field distribution in the vortex lattice is shown to exhibit

an unusual temperature dependence that is nevertheless con-

sistent with the temperature dependence of Cel; this is a strong

check on the experimental results. The Landau parameters F s
0

and F s
1 are obtained for CeCoIn5, and obey the key strong in-

equality F s
0 ≫ F s

1 .

Single crystals of CeCoIn5 were synthesized by means of

an indium self-flux method [6], centrifuged, and etched in HCl

solution to remove the excess indium. Thin plate-like single

crystals were obtained with large faces corresponding to the

(001) basal plane. The crystals were aligned and glued to

a silver holder covering 10 × 10 mm2 using dilute GE var-

nish. µSR experiments were performed on the M15 beam line

of TRIUMF, Vancouver, Canada. A top-loading-type dilution

refrigerator was used to cool the specimen down to 16 mK.

Transverse-field µSR (TF-µSR) has been used extensively

to study the vortex state of type-II superconductors [7, 8]. In

a TF-µSR experiment, spin-polarized positive muons with a

momentum of 29 MeV/c are implanted one at a time into a

sample in an external magnetic field µ0H (field cooled from

above Tc in a superconductor) applied perpendicular to the

initial muon spin polarization. Each muon precesses around

the local field B at its site at the Larmor frequency ω = γµB,

where γµ/2π = 135.5342 MHz/T is the muon gyromagnetic

ratio. On decay of the muon after an average lifetime of 2.2

µs, a positron is emitted preferentially along the direction of

the muon spin. The time evolution of the muon spin polar-
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ization is determined by detecting decay positrons from an

ensemble of 1–2× 107 muons.

The functional form of the muon spin polarization depends

on the field distribution. In the mixed state of a type-II su-

perconductor, the applied magnetic field induces a flux-line

lattice (FLL), where the internal magnetic field distribution is

determined by the magnetic penetration depth, the vortex core

radius, and the structure of the FLL. The muon spin relax-

ation rate is related to the rms width [(∆B)2]1/2 of the inter-

nal magnetic field distribution in the FLL. In turn, [(∆B)2]1/2

is proportional to Λ−2(T ), the properties of which we discuss

after presenting the experimental results.

Representative TF-µSR muon-spin precession signals at an

applied field of 30 mT are shown in Fig. 1 in the normal
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FIG. 1. (Color online) TF-µSR asymmetry spectra A(t) of CeCoIn5

in the normal (triangles) and superconducting (circles) states, taken

at µ0H = 30 mT for H ‖ c. Curves represent fits to the data (see

text). The data are shown in a frame rotating at a frequency corre-

sponding to a field of 25 mT [9].

and superconducting states of CeCoIn5. The µSR asymmetry

spectrum consists of two contributions: a signal from muons

that stop in the sample, and a slowly-relaxing background sig-

nal from muons that stop in the silver sample holder. As seen

in Fig. 1, in the superconducting state the damping of the sig-

nal is enhanced at early times due to the field broadening gen-

erated by the FLL. For times longer than ∼6 µs in the normal

state and ∼4 µs in the superconducting state, only the back-

ground signal persists.

The µSR asymmetry spectra in CeCoIn5 are well described

by the fitting function

A(t) =A0

[

fs exp(−
1
2
σ2
s t

2) cos(ωst+ φ)

+ (1− fs) exp(−
1
2
σ2
b t

2) cos(ωbt+ φ)
]

,
(1)

where A0 is the initial asymmetry of the signal and fs denotes

the fraction of muons stopping in the sample. The Gaussian

relaxation rate σs from the sample is due to nuclear dipolar

fields in the normal state, and is enhanced in the supercon-

ducting state by the FLL field inhomogeneity. The precession

frequency ωs is reduced due to diamagnetic screening. The

background relaxation rate σb is negligibly small, and the ini-

tial phase φ and background frequency ωb are constant. The

curves in Fig. 1 are fits of Eq. (1) to the data.

The temperature dependence of σsfor CeCoIn5 is shown in

Fig. 2. Salient features of these data are the temperature inde-
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FIG. 2. (Color online) Temperature dependence of the muon Gaus-

sian relaxation rate σs in CeCoIn5 under a transverse magnetic field

µ0H = 30 mT for H‖c. Solid lines: power-law fits to the data as

described in the text. Arrow: Tc.

pendence of σs above the transition temperature Tc, and the

increase of σs with decreasing temperature below Tc. This

result indicates that bulk superconductivity occurs below Tc,

consistent with electrical resistivity and specific heat measure-

ments [10, 11].

The internal field distribution in the vortex state is the con-

volution of the field distributions due to the vortex lattice and

the nuclear dipolar field distribution of the host material, lead-

ing to

σ2
s = σ2

FLL + σ2
dip. (2)

σ2
dip is temperature-independent in the normal state, and is

not expected to change in the superconducting state. After

determining σ2
dip = 0.33µs−1 from the normal-state data, we

concentrate on σFLL and its relation to Λ.

The temperature dependence of σFLL can be fit with

σFLL(T ) = σFLL(0) [1− (T/Tc)
n] (T < Tc), (3)

with the fitting parameters σFLL(0) = 0.65(2)µs−1, Tc =
2.27(2)K , and n = 2.4(2). The value of Tc is consistent

with transport measurements [10, 11]. In an isotropic extreme

type-II superconductor, the second moment (∆B)2 is approx-

imately given by (∆B)2 = σ2
FLL/γ

2
µ = 0.00371Φ2

0Λ
−4 [12],

where Φ0 is the flux quantum. The penetration depth Λ(0) is

then obtained from σFLL(0) to be 406(12) nm [13].

The London penetration depth is related to the superfluid

density ρs(T ) by

Λ−2 =
4πe2ρs(T )

mdc2
, (4)
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where md is the dynamical mass, defined as the ratio between

the carriers’ momentum and velocity, in the limit T → 0.

In the pure limit and for a single band, Λ−2 may be writ-

ten in terms of its value at T → 0, which is the pure

diamagnetic contribution, and the paramagnetic temperature-

dependent contribution K(T ) due to the depletion of the con-

densate by the thermal excitation of quasiparticles. Leggett

pointed out that the latter is renormalized by the Landau pa-

rameter F s
1 such that

Λ−2 =
4πe2

c2
N

md
[1−K(T )] , (5)

where N is the carrier density,

K(T ) =

(

1 + 1
3
F s
1

)

Y (T )

1 + 1
3
F s
1Y (T )

, (6)

and Y (T ) is the Yosida function

Y (T ) = −N(ǫF )
−1

∑

k

df/dEk; (7)

here N(ǫF ) is the density of states at the Fermi energy and

f(Ek) is the usual Fermi distribution function. Leggett’s the-

ory is formulated for a Galilean invariant system such as liq-

uid 3He in which the mass md must remain unrenormalized:

md = m, the bare mass. It was pointed out that for heavy-

fermion compounds, which are mutually interacting multi-

component systems, the heavy electrons come from the renor-

malization of f moments to itinerant electrons by the Kondo

effect [4], through exchange interactions with the s, p and d
bands. Then md is given by the renormalization of the quasi-

particle amplitude such that [5]

md ≈ m(1 + F s
0 ). (8)

The basic assumption behind this relationship and the strong

Landau-parameter inequality F s
0 ≫ F s,a

ℓ for ℓ > 1 is that for

heavy fermions the frequency dependence of the self-energy is

much more important than the momentum dependence [4, 5].

This assumption also underlies the theory of heavy fermions

through various theoretical advances, such as slave boson

methods [14] and dynamical mean-field theory [15]. We will

see below how these assumptions are tested by the experimen-

tal results presented here.

In a multi-band situation, one should in principle have in-

stead of the factor N/md the sum of contributions from all

the bands, but since F s
0 ≫ 1 for heavy fermions, the heavy

band contribution dominates in the determination of Λ (and

Cel), and to a good approximation only the heavy bands need

to considered.

For d-wave superconductivity, for which there is over-

whelming evidence in CeCoIn5 [10, 16–22], Y (T ) ∝

(T/Tc)
3 for three-dimensional materials in the pure limit, for

a state with line nodes of the gap function and magnetic field

perpendicular to the line nodes. Without change of renormal-

izations in the superconducting state, Λ−2(T ) ∝ 1− (T/Tc)
3

would therefore be expected. This is not observed in the

experiments; the best fit to the data yields an exponent of

2.4± 0.2 ).

Before proceeding further, we ascertain that CeCoIn5 is in-

deed in the pure limit [18, 23–25]; i.e., the mean-free path

is much larger than the superconducting coherence length,

which is determined by the superconducting gap and the

renormalized Fermi velocity to be about 5 nm [25]. For the

sample of CeCoIn5 studied in our experiments, the extrapo-

lated normal state resistivity is only a few µΩ·cm [11], which

gives a mean free path of more than 50 nm.

Using Eqs. (5) and (6), we can write

Λ−2(T/Tc)

Λ−2(0)
= 1−

(

1 + 1
3
F s
1

)

(T/Tc)
3

1 + 1
3
F s
1 (T/Tc)3

. (9)

Figure 3 presents the fit of Eq. (9) to the measured temperature

FIG. 3. (Color online) Superfluid density Λ−2(T/Tc)/Λ
−2(0) as a

function of normalized temperature T/Tc in CeCoIn5. Curve: fit of

Eq. (9) to the data.

dependence of Λ−2(T/Tc)/Λ
−2(0) = σFLL(T/Tc)/σFLL(0)

in CeCoIn5, from which we extract F s
1 = 1.2± 0.3.

We turn next to the determination of F s
0 , which requires

knowing the value of N . The valence of Ce is known from

independent measurements to be +3 over the whole range of

x [26, 27], thereby contributing one f electron to the heavy

conduction band. For CeCoIn5, one then has N = 1/Vcell.

Using this value, the measured Λ(0) = 406(12) nm, and

Eq. (8), we find F s
0 = 36(1).

Independent confirmation of these results is obtained by

comparing the predictions for the specific heat with measure-

ments of the electronic specific heat Cel(T ) [11]. It is hard to

calculate the absolute value of Cel. From de Haas-van Alphen

measurements [17, 28] we know that there are at least three

sheets of the Fermi surface with varying masses and areas.

To get absolute values, in addition to the parameters F s
0 and

F s
1 , we need the details of the dispersion relations of all the

bands that cross the Fermi surface and the relative contribu-

tion of the f -electrons to the bands since they alone are af-
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fected by the strong renormalizations. If we make the sim-

plest assumption of a parabolic heavy band, from the relation

Cel/T = π2Nk2Bmeff/~
2k2F , where the Fermi wave vector is

given by kF = (3π2N)1/3 and meff = md

(

1 + 1
3
F s
1

)

[5],

we obtain Cel/T ∼ 148 mJ/mol K2, compared with the ex-

perimental value of ∼300 mJ/mol K2 at T = Tc [10, 11].

Considering the simplified band assumption, this may be re-

garded as successful.

Finally, we consider the change of Cel(T ) due to the

Leggett renormalizations. An approximate T 3 dependence

is observed [10, 11, 18, 20, 22, 29] for 0.2 . T/Tc <
1 [30]. Nonzero F s

1 renormalizes Cel(T ) in the superconduct-

ing state by an amount proportional to the normal fluid density

ρn(T ) = 1−Λ−2(T/Tc)/Λ
−2(0). In the pure limit this leads

to

Cel(T ) ∝

[

1 + 1
3
F s
1

(1 + 1
3
F s
1 )(T/Tc)

3

1 + 1
3
F s
1 (T/Tc)3

](

T

Tc

)3

(10)

This is tested by fits of Cel(T )/T from Eq. (10) (plus small

offsets [30]) to the data [11] for F s
1 = 0 and 1.2, shown in

Fig. 4. The consistency of the results is confirmed: the specific
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FIG. 4. (Color online) Dependence of specific heat divided by tem-

perature Cel(T )/T on normalized temperature T/Tc in CeCoIn5.

Data from Ref. [11]. Curves: fits of Eq. (10) (plus small offsets [30])

for F s

1 = 0 and 1.2 to the data. The fits and data are nearly indistin-

guishable except near Tc

heat, unlike the penetration depth, is quite insensitive to the

value of F s
1 . This can also be seen by expanding Eqs. (9) and

(10) for Λ−2(T )/Λ−2(0)− 1 and Cel(T )/Cel(Tc) in F s
1 ; the

leading terms in the corrections are of first and second order,

respectively.

In conclusion, we have determined the Fermi-liquid param-

eters F s
0 and F s

1 from µSR measurements of the penetration

depth in CeCoIn5. This is the first such determination of both

parameters. The inequality F s
1 ≪ F s

0 is fulfilled, thereby ver-

ifying a basic assumption in the theory of heavy fermions.
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