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zNHMFL, Florida State University, Tallahassee, FL 32310, USA
xLos Alamos National Laboratory, MST-6, Los Alamos, NM 87545, USA
{NHMFL, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
kDepartment of Physics, Clark University, Worcester, MA 01610, USA
(Received 30 November 2005; in final form 3 March 2006)

We present torque magnetization measurements on the quasi-2D heavy fermion
superconductor CeCoIn5 at temperatures down to 20 mK and magnetic fields up
to 18 T. At orientations with the magnetic field perpendicular to the conducting
planes, a prominent vortex lattice peak effect is present at around 0.5Hc2. The
peak effect gradually disappears upon rotating the field into the plane parallel
orientation. We interpret the absence of the peak effect for the plane parallel case
as a transformation of the Abrikosov lattice into a Josephson vortex state,
favored by the Pauli paramagnetic limit in CeCoIn5 together with the unusually
large condensation energy. Additionally, we do not observe flux avalanches as
found in organic superconductors and suggest that the complete absence of vortex
activity in the plane parallel field orientation is crucial for the formation of
Fulde–Ferrell–Larkin–Ovchinnikov superconductivity in CeCoIn5.

1. Introduction
Anisotropic superconductors in external magnetic fields are known to produce a
variety of different vortex states depending largely on electronic anisotropy,
temperature and applied field. Four basic energy scales govern vortex behaviour
in layered type-II superconductors: (i) in-plane vortex–vortex interactions, (ii)
interlayer coupling, (iii) pinning energy, and (iv) thermal fluctuations. The
competition of these energy scales results in vortex lattice phases having a
dimensionality ranging from 0D to 3D [1]. With increasing temperature and/or
field there may exist a condition where the vortices are able to optimally adapt to the
underlying pinning potential, causing the critical current and hence the magnetization to attain a local maximum. One manifestation of this competition of energy
scales is the so-called peak effect (PE), sometimes referred to as fishtail effect due to
the shape of the magnetic hysteresis. Although the first observation of the peak effect
in niobium goes back to 1962 [2], the microscopic mechanism is still under debate [3].
*Corresponding author. Email: hradovan@uprm.edu
Philosophical Magazine
ISSN 1478–6435 print/ISSN 1478–6443 online ß 2006 Taylor & Francis
http://www.tandf.co.uk/journals
DOI: 10.1080/14786430600672703

3570

H. A. Radovan et al.

In phenomenological and simplified terms, the PE may be thought of as a transition
from an ordered to a disordered vortex state. For isotropic superconductors in an
increasing field, the vortex lines initially thread straight through the material.
At higher fields, a disorder driven phase transition leads to plastic-like behaviour
where these Abrikosov vortices bend to find an energy minimum in the surrounding
potential landscape resulting in an increase of the critical current. For strongly
anisotropic, layered superconductors in low fields perpendicular to the conducting
planes, Abrikosov flux lines decompose into stacks of so-called pancake vortices [4].
For isotropic superconductors, Josephson interlayer coupling dominates, while for
anisotropic superconductors, the much weaker interlayer coupling is predominantly
electro-magnetic in origin. This electro-magnetic coupling aligns the pancakes in
adjacent layers into stacks that readily decouple in increasing fields. This decoupling
transition can also lead to better pinning, resulting in a peak effect for pinning
sensitive measurements. Due to the weaker nature of the pancake stack coupling, one
expects the peak effect to occur at lower fields. Indeed, while the PE in conventional
superconductors generally occurs close to Hc2, in high-Tc superconductors it appears
far below Hc2, even closer to Hc1 in the most anisotropic systems [5, 6].
The vortex state in strongly anisotropic superconductors in fields parallel to the
conducting planes is quite different in nature [7]. In plane parallel fields, the magnetic
flux is concentrated in the regions between the layers forming coreless Josephson
vortices, which in the most extreme decoupled situation are entirely confined in the
space between two adjacent conducting layers. Vortex states at small field angles out
of the planes may constitute a mixture of the Abrikosov and Josephson state, with
individual pancake vortices in adjacent conducting layers building a staircase
structure coupled by Josephson vortices within the less conducting layers (so-called
kinked vortices). Under such anisotropic conditions in increasing applied fields at
small tilt angles the flux can stay locked-in between the conducting sheets. This
so-called vortex lock-in state produces an angle between internal induction and
external field. Experiments on high-Tc superconductors provide evidence for all the
vortex states discussed above [8].
Magnetization studies can provide a great deal of information about the
anisotropy of the host crystal structure, pinning behaviour, and vortex lattice
structure and dimensionality. We applied the vortex phenomenology to a study of
the magnetization as a function of applied field on the heavy fermion superconductor
CeCoIn5 (Tc ¼ 2.3 K) [9]. The assumed proximity to an antiferromagnetic quantum
critical point is held responsible for many unusual features discovered in this
material, e.g. non-Fermi liquid behaviour and the possibility of a magnetically
mediated pairing mechanism. The tetragonal structure is composed of two building
blocks, CeIn3 and CoIn2, stacked sequentially along the crystallographic c-direction
(k [001]); it is assumed that the CeIn3 layer is responsible for superconductivity. The
electronic anisotropy is largely determined by the hybridization between the Ce-4f
and the Co-3d orbital. Recent band structure calculations suggest that very weak
hybridization exists, which implies a rather two-dimensional structure [10]. One way
to quantify the anisotropy, ", is the out-of-plane to in-plane ratio of effective masses,
" ¼ (mc,eff/mab,eff)1/2  c/ab, with  being the London penetration depth. In
CeCoIn5 reported values for the effective masses in different orientations range
from 5 to 87 times the bare electron mass [11], yielding a rough estimate of "  3–4.
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For comparison, YBa2Cu3O7 (YBCO) has "  5, while strongly anisotropic
Bi2Sr2CaCu2O8 and molecular superconductor systems yield "  100–200. Hence,
at least from this viewpoint, one would expect CeCoIn5 to show similar vortex
properties as YBCO. However, CeCoIn5 is markedly different from YBCO in the
following ways. CeCoIn5 is the first superconductor clearly showing Pauli
paramagnetic limitation with fields parallel to the conducting planes. Typically, in
superconductors in increasing magnetic fields, orbital motion of the Cooper pairs
(vortices) eventually destroys the superconducting state. In the Pauli paramagnetic
limit, superconductivity is destroyed when the field is strong enough to break up the
pairs and align their spins, without involving Abrikosov vortices. In this limit,
p
the upper critical field is given by the relation Hc2ab(0) ¼ Hp(0) ¼ 0/ 2B, with the
Pauli limit Hp, the superconducting energy gap at zero temperature, 0, and the
Bohr magneton, B [12]. The ratio of the parallel to the perpendicular critical field
hence is given by Hp/Hc2c  ab/k1
F , with  the coherence length and kF the Fermi
wave vector. Another difference between CeCoIn5 and YBCO are the heavy electron
masses in the former that counteract orbital motion and help the Pauli limit to
dominate over the orbital limit. Finally, generating Abrikosov vortices with normal
cores inside superconducting layers costs energy. The higher the condensation
energy, the more energy is required to create the vortices. According to the BCS
theory, the condensation energy at zero temperature is given by Us(0)–
Un(0) ¼ 0.5  N(0)  2(0), where N is the density of states and  the energy gap.
As the discontinuity in the zero field specific heat, C/Tc (: Sommerfeld
coefficient), is proportional to the coupling strength, which is proportional to the
energy gap within the extended BCS theory, the size of C/Tc is a direct measure
for the condensation energy. The (weak-coupling) BCS theory derives
C/Tc ¼ 1.43, YBCO has C/Tc  2.5 [13], while the molecular superconductor
-(BEDT-TTF)2Cu(NCS)2 has C/Tc  2.8 [14]. Heavy fermion CeCoIn5, however, was found to exhibit an exceptionally large discontinuity of C/Tc  5 [15].
This large jump in the specific heat indicates a strong decrease of the entropy at the
superconducting phase transition that was interpreted as evidence for spin
fluctuation-mediated superconductivity with strong fermion–boson coupling [16].
These considerations suggest that the formation of vortices in CeCoIn5 requires
more energy than in YBCO and, hence, should additionally hinder vortex movement
across the conducting layers. Regarding these differences, particularly the Pauli limit,
one might expect that the vortex state in CeCoIn5 for the plane parallel field
orientation should be different than found in YBCO.

2. Torque magnetization results and discussion
2.1. Magnetization at different temperatures
The torque cantilever setup is an established technique used to study vortex
behaviour, such as hysteresis, avalanches, pinning and melting transitions, e.g. in
YBCO [17] or -(BEDT-TTF)2Cu(NCS)2 [18]. We use a torque cantilever setup
consisting of a fixed Cu reference plate and a flexible 13-mm thick Be–Cu cantilever
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Figure 1. Torque measurements as a function of applied field perpendicular to the
conducting planes of CeCoIn5 at different temperatures. The arrows indicate the field
sweep direction and the curves are vertically offset for clarity. The sharp transition at 5 T
denotes the upper critical field, Hc2, while the small feature around 2.5 T, Hp, is identified as a
vortex lattice peak effect.

beam with a gap of approximately 0.5 mm. We achieved similar results with a 51-mm
thick Ph–Bronze cantilever and can therefore exclude material artifacts in the present
data. Any magnetic moment, m, within a sample attached to the cantilever beam in a
non-parallel magnetic field, H, exerts a torque on the cantilever,  ¼ m  H. The
torque changes the distance of the two capacitor plates and, hence, the capacitance.
The recorded signal is, therefore, proportional to the magnetization in the sample.
The present torque measurements were performed at temperatures in the range
20–200 mK and fields up to 18 T (tesla) in a toploading dilution refrigerator at
the NHMFL in Tallahassee, Florida. The single crystal CeCoIn5 sample with lateral
dimensions of 2.0  1.0 mm2 and 140 mm thickness was attached with GE varnish
coplanar onto the cantilever beam. To exclude artifacts resulting from the specific
sample geometry, we also mounted the sample on edge and obtained similar data.
Since the sample had been grown from an In flux, we etched it prior to mounting in
an HCl/HNO3/H2O (3:1:10, v/v) solution for about 10 min to remove excess indium.
Figure 1 presents torque magnetization data as a function of applied field
perpendicular to the planes at several different temperatures. The curves have been
vertically offset for better clarity and the arrows indicate the field sweep direction.
All show a gradual increase in torque with a sharp first-order phase transition into the
normal state, Hc2, at 4.97, 4.96 and 4.95 T at 20, 100 and 175 mK, respectively. A firstorder phase transition in the perpendicular field orientation had been previously
observed below 0.8 K [19]. The trace at the base temperature of 20 mK shows
additionally a pronounced hysteretic feature around 2.5 T. This is indicative of vortex
pinning effects and we interpret this feature as a vortex lattice peak effect at
Hp ¼ 2.5 T, as discussed in section 1. The peak effect shifts to Hp ¼ 2.2 T at
T ¼ 100 mK, while it is completely absent above approximately 180 mK. This feature
had originally been observed by Murphy et al. [20] and later Tayama et al. [21],
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who suggested the possibility of a vortex lattice peak effect without further study.
A vortex lattice peak effect is observed in most superconductors, including high-Tc,
conventional and heavy fermion superconductors.
The peak effect in CeCoIn5 disappears above tp ¼ T/Tc ¼ 0.08, a rather low
temperature when compared to other superconductors, where, for example, it was
found to disappear above approximately tp ¼ 0.4 in PrOs4Sb12 [22], tp ¼ 0.6 in
Bi2Sr2CaCu2O8þy (BSCCO) [23], or tp ¼ 0.8 in CeRu2 [24]. However, there is a
noticeable trend between tp and the defect structure of each material. While the
CeRu2 was a polycrystalline sample with Ru inclusions, the BSCCO and PrOs4Sb12
samples were single crystals with the difference that the BSCCO sample was
overdoped. Obviously, the lower the defect density, the lower the peak temperature,
tp, confirming the pinning related origin of the feature. CeCoIn5, on the other hand,
is an undoped material that can be grown as high-purity single crystals. It can be seen
from figure 1 that the peak effect occurs at 0.5Hc2, which is far below the field where
the PE is seen in conventional superconductors and is reminiscent of the situation
encountered in high-Tc superconductors. One can view the vortex lines in CeCoIn5 as
stacks of loosely coupled pancake vortices, where both electro-magnetic and
Josephson out-of-plane coupling are equally important. This is consistent with an
estimated electronic anisotropy of "  3–4 as compared to "  5 in YBCO. For the
most anisotropic high-Tc cuprates (e.g. BSCCO) with vanishing Josephson coupling
the peak effect has been observed closer to the lower critical field, Hc1. We will
comment further on the anisotropy issue below.
To obtain information about lattice disorder effects in CeCoIn5, we show in the
upper panel of figure 2 de Haas–van Alphen (dHvA) oscillations obtained by our
torque magnetization technique at T ¼ 20 mK in the field perpendicular orientation.
A Fast Fourier Transform analysis is shown in the lower panel of figure 2 with
several orbits indicated. The frequencies are in very good agreement with a previous
dHvA analysis on CeCoIn5 [25].
We utilize the Lifshitz–Kosevich formula and fit the amplitude, A, of the filtered
frequency for the orbit F3 using A(1/H) ¼ A0  RT  RD, where A0 is a constant, RT the
reduction factor due to finite temperatures, RD  exp(–TD) the reduction factor due
to impurity scattering, and TD is the Dingle temperature [26]. Assuming an effective
mass meff ¼ 8.4me [11], the fit yields TD ¼ 0.33 K, indicating very low broadening of
the Landau tubes due to scattering. The Dingle temperature can be related to the
scattering time, , via TD ¼ 
h/(2kB), and the mean free path is ‘ ¼ vF  , where kB is
the Boltzmann constant and vF the Fermi velocity. From this information, the mean
free path is estimated to be ‘  1870 Å, which is extremely long and suggests a very
low density of pinning centres that can naturally account for the rapid disappearance
of the peak effect with temperature, as shown in figure 1. Eskildsen et al. [27]
employed small angle neutron scattering (SANS) to investigate the vortex lattice
structure in CeCoIn5 in plane perpendicular fields. In an applied field of 2 T, they
estimate the longitudinal vortex correlation length (straightness) to be roughly 100
vortex line spacings or 3 mm. They conclude that pinning is very weak in CeCoIn5, in
agreement with our findings.
Figure 3 shows the peak effect in more detail as observed at T ¼ 20 mK in the
plane perpendicular field orientation. The arrows indicate the direction of the field
sweep (0.1 T/min) in increasing field starting at 0 T and reversing the sweep direction
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Figure 2. Upper panel: de Haas–van Alphen oscillations of CeCoIn5 obtained at T ¼ 20 mK
with our torque cantilever for the plane perpendicular field orientation. Lower panel: Fast
Fourier Transform of oscillations with indicated Fermi surface orbits F1, F3, F4, and F5 and
corresponding frequencies.
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Figure 3. Torque versus field for perpendicular field orientation at T ¼ 20 mK and magnet
sweep rate 0.1 T/min. The arrows indicate the sweep direction with a minor loop between 2.3
and 2.5 T. The data points inside the three circled areas at 2.6 and 2.65 T were obtained after
halting the sweep and recording the torque in the time domain (inset shows this for the area
labeled with ‘1’ as an example).
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just below 2.7 T (the noise around 2.2 T originates from flux jumps within the
superconducting magnet). Also shown is a minor loop between 2.3 and 2.5 T. The
traces of the minor loop merge exactly with the magnetization after reversing the
field at 2.7 T and sweeping back down. This indicates that the flux profile (induction)
within the sample is fully inverted within 0.02 T, confirming the expected very weak
pinning.
The data inside the three circled areas at 2.6 and 2.65 T were obtained after
halting the sweep and monitoring the torque as function of time (this entire sweep
was taken with time as the trigger parameter for data acquisition). It is evident in a
plot of torque versus time (see inset to figure 3) that after a certain amount of time
the signal saturates and becomes constant. This is the well-known flux relaxation or
vortex creep phenomenon seen in many systems and previously also reported for
CeCoIn5 [28]. Within the classical Bean description of flux profiles inside
superconductors, the slope of the flux profile is assumed to be constant throughout
each half of the sample and to be proportional to the critical current density,
@B/@x  jc. After having ramped up the field and halted, vortices creep further into
the centre of the sample, thereby decreasing the slope of the profile and, hence, the
critical current density. Upon resuming the field ramp, the initial slope (or jc) is
reestablished. This phenomenological description fully accounts for the observed
magnetization behaviour seen in figure 3. Close to the maximum of the PE the
critical current is largest, yielding a stronger relaxation than at fields further away
from the peak (note the opposite sign of the change in magnetization during the
sweep down cycle, corresponding to a creeping of vortices out of the sample).
Analogous results have recently been reported on CeRu2 [24] and on V3Si [29]
obtained with SQUID magnetometry.

2.2. Magnetization at different angles
Figure 4 shows the torque as a function of field at T ¼ 20 mK for different
orientations of the applied field with respect to the conducting planes. Additionally,
each panel depicts a cartoon of the anticipated vortex structure inside CeCoIn5 at an
angle of 90, 17 and 2 out of planes, respectively. The thick gray lines represent the
conducting CeIn3 layers, while the blank area in-between corresponds to the lessconducting CoIn2 layers. The small black rectangles are pancake vortices and the
black line parallel to the layers is a Josephson vortex (see also discussion about
vortex structures in section 1).
The first obvious change is the increase of Hc2 from 4.97 T at plane perpendicular
(90 ) to 11.57 T at 2 , reflecting the anisotropy of the material. Additionally, the
width of the first-order transition increases by one order of magnitude, from 0.06 T
at 90 to 0.66 T at 2 . One could refer to this as a change from a ‘weak’ to a ‘strong’
first-order phase transition at the upper critical field, Hc2. The upper panel shows
data from figure 1 displaying a symmetric peak effect with respect to the sweep
direction. The occurrence of the PE at field 0.5Hc2 suggests a loosely coupled vortex
pancake structure as sketched in the inset. This situation is reminiscent of the least
anisotropic high-Tc cuprate YBCO. We observe similar behaviour in the PE at angles
of 77, 62 and 47 (not shown). The middle panel of figure 4 shows the PE at fields 17
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Figure 4. Torque as function of applied field at T ¼ 20 mK for different field orientations.
Upper panel: with field perpendicular to the planes a symmetric peak effect (PE) occurs; the
vortex structure corresponds to a loosely coupled stack of pancake vortices. Middle panel:
with fields at 17 out of the planes an asymmetric PE occurs; the induction is parallel to the
planes in increasing field, while a kinked state forms in decreasing field. Lower panel:
with fields at 2 no PE is detectable; the vortex structure corresponds to a pure Josephson
vortex state.

out of the planes, displaying asymmetric behaviour with the PE completely absent
for the sweep-up direction. An asymmetry is already visible at 32 angle (not shown).
The proposed corresponding vortex structures are sketched in the inset. During the
sweep-up half-cycle, the induction within the superconductor remains parallel to the
conducting planes and at an angle to the applied field up to Hc2. The vortex structure
consists of coreless Josephson vortices aligned parallel to the conducting planes
(but not necessarily confined between two adjacent planes). The sweep-down second
half-cycle starts out of the normal state, where the field penetrates the material.
Upon entering the superconducting state, a kinked vortex structure forms, consisting
of in-plane pancake vortices connected by Josephson vortices running between the
planes (see also discussion in section 1). The bottom panel of figure 4 shows the
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hysteresis cycle in the close-to-parallel field orientation, where the PE is absent for
both sweep directions. Obviously, a 3-dimensional model with Abrikosov vortices
fails to describe the data. We propose that the vortex structure here is a pure
Josephson vortex state for both sweep directions. The absence of the PE suggests a
complete absence of pancake vortices, as they are responsible for a decoupling
transition leading to changes in the critical current and the occurrence of the peak
effect. We observe identical angular behaviour on a second CeCoIn5 sample
originating from another batch of crystals from the same source. One might also
consider an alternative explanation for our observed magnetization anomaly. In this
scenario, the anomaly would not be caused by a peak effect, but rather induced by
the proximity to a quantum critical point (QCP). However, most recent experimental
results report about a magnetic-field-tuned QCP for both field orientations,
perpendicular as well as parallel [30]. Our measurements show that the magnetization
anomaly disappears at field orientations close to plane parallel and, hence, cannot be
caused by the QCP in CeCoIn5.
Vortex crossover scenarios are well known in the anisotropic high-Tc cuprates.
Feinberg and Villard [31] derive theoretically a field-angle phase diagram, concluding
that the region of stability of the parallel Josephson state increases with the
anisotropy, ", and the energy barrier height against generating a normal vortex core
within the superconducting layer [31]. Hence, when the angle of an applied field
exceeds a certain threshold value, the Josephson vortex state would transform into a
kinked-lattice state. For fields on the order of several tesla at a given energy barrier
height and a material with " ¼ 5 (YBCO), the threshold angle is predicted to be about
5 out of plane, while a material with " ¼ 55 (BSCCO) gives an angle of about 20 .
Experimentally, vortex lock-in states were reported, for example, for La1.9Sr0.1CuO4
[32], BSCCO [33], low-Tc Mo77Ge23/Ge multilayers [34], or the organic superconductor (BEDT-TTF)2Cu(SCN)2 [35]. Although the electronic anisotropy in
CeCoIn5 as derived from the ratio of reported effective masses is close to YBCO, the
threshold angle seems much larger. We believe that the reasons for occurrence of the
Josephson state over an extended range of angles, i.e. quasi-2D behaviour, in
CeCoIn5 are heavy electrons, large condensation energy and the now well-established
paramagnetic limit. Recent X-ray absorption fine structure experiments on
Sn-substituted CeCoIn5 also clearly demonstrate the quasi-two-dimensional nature
of superconductivity [36]. It was found that Sn substitutes preferentially onto the
In sites within the Ce–In planes and readily destroys superconductivity at a level of
only 3.6%. On the other hand, Rh-substitution onto the Co sites or La-substitution
onto the Ce sites have a much weaker effect. The authors conclude that the
superconducting state is confined within the Ce–In planes, consistent with a
quasi-2D electronic structure.
We did not observe flux avalanches in any field orientation in the investigated
temperature range 20 mK < T < 200 mK. Avalanches have been observed using
torque magnetometry, e.g. in the molecular superconductor -(BEDTTTF)2Cu(NCS)2 in a wide range of angles and fields [18]. It is clear from our
measurements that, at field angles close to the parallel orientation, all vortex activity
ceases in CeCoIn5, neither vortex avalanches nor a vortex lattice peak effect are
present. We explain this with a crossover from an Abrikosov vortex state to a
Josephson vortex state. The absence of Abrikosov vortices close to field parallel
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orientations is consistent with the observation of a Fulde–Ferrell–Larkin–
Ovchinnikov (FFLO) superconducting state that has been reported for CeCoIn5
[37–43]. The FFLO state occurs only when orbital pair-breaking is not the dominant
effect, which suggests that no Abrikosov vortices should form. A full rotational
study of the FFLO state demonstrates that the FFLO signature disappears when the
field is rotated by more than 15 out of the plane parallel field orientation [37, 42], an
angle where the vortex peak effect re-emerges in our magnetization measurements.

3. Summary
In summary, we show that for magnetic fields parallel to the conducting layers in
CeCoIn5 no Abrikosov vortex signature is present, as demonstrated by the
disappearance of the vortex lattice peak effect, which, however, is present for
larger field angles up to the plane perpendicular orientation. We explain this with a
crossover from the usual Abrikosov vortex lattice to a Josephson vortex lattice for
parallel field orientations. The Pauli paramagnetic limit in CeCoIn5, the large
condensation energy and the heavy masses make it possible to achieve an Abrikosov
vortex-free state with the field aligned parallel to the planes. Furthermore, we find
no vortex avalanches for any field orientation. Thus, we conclude that the Josephson
vortex state, together with an extraordinary long mean free path, is crucial for
the formation of the spatially modulated Fulde–Ferrell–Larkin–Ovchinnikov
superconducting state in CeCoIn5.
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