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Abstract 

The results of the magnetization, magnetostriction and AC-susceptibility experiments are presented for both the 
antiferromagnetic heavy-Fermion superconductor UPd2A13 and the valence fluctuation compound CeRu2. For 
(H > 10 kOe). These results are discussed on the basis of a generalized Fulde-Ferrel l-Larkin-Ovchinnikov supercon- 
ducting state. 

Heavy-Fermion compounds in the f-electron systems 
have attracted much attention because of their supercon- 
ducting properties. For example, UPt3 is well-known to 
exhibit two critical temperatures and three phases called 
A, B and C in the superconducting H - T  phase diagram 
[1 ]. The existence of multiple superconducting phases is 
reminiscent of superfluid 3He and is very strong evidence 
that UPta is a superconductor with reduced symmetry. 

UPd2A13 is a hexagonal compound, which also shows 
fascinating superconducting properties. It exhibits co- 
existence of heavy-Fermion superconductivity (To ~< 2 K) 
and strong antiferromagnetic order (TN = 14.5 K) [2]. 
Modler et al. reported a few years ago anomalies in the 
sample length l(T, H) within the superconducting state, 
pointing to a first-order phase transition at H* 

* Corresponding author. 

(10 kOe < H* < He2(0) = 35 kOe) and T < 0.8 Tc [3]. 
Gloos et al. subsequently discussed these anomalies in 
terms of a first-order phase transition from the mixed 
state to an inhomogeneous superconducting state [4] as 
theoretically proposed by Fulde and Ferrell (FF) [5] and 
independently by Larkin and Ovchinnikov (LO) [6]. 

More than three decades ago these authors proposed 
that in a very clean and strongly Pauli-limited singlet 
superconductor, a partially polarized superconducting 
state should form at high magnetic fields. This spatially 
modulated F F L O  state should raise the upper critical 
field He2 at which the superconducting-normal transition 
takes place. While the F F L O  state was unsuccessfully 
searched for among classical superconductors, there have 
been recent claims for its existence in certain heavy-Fer- 
mion superconductors. UPd2AI 3 fully meets the follow- 
ing strict requirements: It is (1) a clean superconductor 
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(the electronic mean free path I = 700 A >> the coherence 
length ~ = 85 A) and (2) subject to strong Pauli limiting 
(n~2(0) = n p  [in 10 kOe] = 1.84 T~ [in K]). 

Besides UPd2Ala, CeRu2 with the cubic Laves phase 
structure is known to show similar behavior [7-10]. The 
critical temperature is rather high, Tc = 6.2 K. CeRu2 is 
a valence-fluctuation compound where the f electron is 
itinerant, contributing the conduction electrons at low 
temperatures. The electronic specific heat coefficient 7 is 
enhanced, 30 mJ/molK 2. Therefore, the upper critical 
field Ho2 is large 60-70 kOe, and then the coherence 
length is short, 60-70 P,. 

In this paper we present the results of magnetization, 
magnetostriction and AC-susceptibility measurements 
for UPd2A13 and CeRu2 as well as AC-susceptibility 
measurements for CeCo2. As for CeRu2, we have deter- 
mined the electronic mean free path via de Haas-van 
Alphen effect measurements to give evidence that CeRu2 
is a clean superconductor, too. Below, we discuss unique 
anomalies associated with a first-order phase transition. 

Fig. 1 shows the magnetization at 0.15 K in UPd2A13. 
At low fields, a very sharp peak in the magnetization is 
found at the lower critical field He1, which is of the order 
of 100 Oe only. Furthermore, a hysteretic peak in the 
magnetization curve shows up above Hi as high as about 
30 kOe, as shown in an inset of Fig. 1. Here the data 
denoted by the open/closed circles are taken upon mov- 
ing the sample up/down within the pick-up coils of the 
magnetometer. The anomaly resembles the shape of mag- 
netization loops found in superconductors with a pro- 
nounced peak effect. Most remarkably, the magneti- 
zation process is reversible over a wide field range, i.e. 
10kOe < H < H*. Such a reversible magnetization 
curve is highly unusual and has only been observed in 
extremely clean type-II superconductors, e.g., in 
Nb(x = 0.8) with a residual resistivity ratio of 1830 [11]. 
This indicates that the pinning force for the magnetic 
vortices is very weak. On the other hand, the occurrence 
of the peak effect above H* even for large value of x = 50, 
highlights a very strong pinning force in UPd2A13. The 
transition between the weak pinning region and the 
strong one is of a first order, as discussed previously from 
the results of high-precision length measurements [4]. 

Fig. 2 shows the corresponding magnetization curve 
for CeRu2. The data denoted by open circles were ob- 
tained by increasing the field after zero-field cooling, 
while those by triangles were obtained by decreasing the 
field. The magnetization in the mixed state is also rever- 
sible in a wide field range from 10 kOe to H* ( = 38 kOe) 
at 2.25 K. On the other hand, there is found an irrever- 
sible peak structure in the field range from H* to 
n~' ( = 52 kOe). 

When the temperature approaches the critical temper- 
ature, i.e for T > 0.8 To, no such peak structure is 
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Fig. 1. Isothermal magnetization curve for UPd2AI3. The inset 
shows the magnetization near He2. 
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Fig. 2. Isothermal magnetization curve for CeRu2. 

observed in the magnetization, as shown in Fig. 3. In this 
temperature region, the magnetization is reversible in the 
mixed state. 

Fig. 4 shows the magnetostriction A/(H) of CeRu2 at 
various temperatures. The observation of an abrupt 
change from a smooth and almost reversible magnetiz- 
ation process for H < H* to a behavior with pronounced 
field-induced length changes of hysteretic nature above 
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Fig. 3. Isothermal magnetization curves at differing temper- 
atures for CeRu~. 
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Fig. 4. Isothermal magnetostriction curves at differing temper- 
atures for CeRu 2 

H* strongly hints at the onset of flux pinning, i.e., at 
a pronounced coupling of the vortex lattice to the crystal 
lattice above H*. 

The strong decrease in amplitude of the A/(H) anomaly 
with increasing temperature has also been observed for 
UPd2AI3. As can be seen in Fig. 4 the anomalous struc- 
ture in A/(H) becomes very small at 3.6 K, and for tem- 
peratures above 5.5 K, corresponding to T / T c  = 0.9, no 
anomaly can be resolved anymore, consistent with the 
magnetization results mentioned above. The abrupt in- 
crease of flux pinning above H*, and moreover, the 
significant hysteresis in Hi* upon increasing and decreas- 
ing field are strong indications for a first-order transition 
at H*. 

Reversible magnetization curves in UPd2A13 and 
CeRu2 below H* indicate that the pinning force for the 
magnetic vortices is very weak. First we discuss the origin 
of the small pinning force. UPd2AI3 and CeRu 2 exhibit 
large spin susceptibilities, Zp = 3.2× 10 -5 and 2.2× 
l0 -5 emu/cm 3, respectively. Therefore, the quasi-par- 
ticles inside the vortex cores gain a large Zeeman energy 
which, close to H¢2, becomes comparable to the super- 
conducting condensation energy H 2 / 8 n  = 0.25(y/Vmol) 
T~, where Hc is the thermodynamic critical field, the 
electronic specific heat coefficient ~ (125 and 
30 mJ/mol K 2, respectively) and Vmo~ the molar volume 
(62.94 and 32.23 cm3/mol, respectively). Consequently, 
one estimates a very small self-energy of the vortex, 
E . . . .  = n ¢ 2 [ H 2 / 8 n  - (1/2) Zph2], h being the magnetic 
field induced at the vortex core by the shielding currents 
surrounding it. This explains the weak pinning of vortices 
in a wide field range below H* 

We show in Fig. 5 the phase diagrams for both 
UPd2A13 and CeRu2. Here H* and H* indicate the onset 
and offset fields of irreversibilities, see Figs. 1 and 2. 
These phase diagrams are obtained from the magnetiz- 
ation, length and AC-susceptibility measurements. 

A similar phase diagram has been recently obtained 
from the AC-susceptibility experiments for CeCo2, as 
shown in Figs. 6 and 7. This compound is also a valence 
fluctuation compound similar to oCeRu2, where oTc = 
1.4 K, 7 = 35 mJ/K 2 mol, ~ = 350 A and I > 1000 A. The 
itinerant 4f electron exhibits a relatively large mass of 
1 lmo  [12] .  

For the dotted region of the phase diagram in 
UPdzAI3, the F F L O  state was discussed previously [4]. 
Tachiki et al. have recently proposed a generalized 
F F L O  state, where the parameter is spatially modulated, 
and planar nodes of the order parameter are periodically 
aligned perpendicular to the vortices [13]. A schematic 
diagram of the generalized F F L O  state is shown in 
Fig. 8, in which the solid lines show the center of the 
vortices and the dashed lines show the planar nodes of 
the superconducting order parameter perpendicular to 
the vortices. The occurrence of planar nodes of the order 
parameter leads to a segmentation of the vortices into 
pieces with a length A which is one order of magnitude 
larger than the coherence length. As a result, these vortex 
segments become flexible in a qualitatively similar way as 
the quasi-two-dimensional vortex disks (pancakes) in eu- 
prate superconductors [14]. The flexible vortices are 
collectively pinned by the weak pinning centers, produ- 
cing the peak structure mentioned above. 

The generalized F F L O  state exists in a clean supercon- 
ductor with large spin susceptibility and large x. We have 
determined the electronic mean free path in CeRu2 via de 
Haas-van Alphen oscillations. Fig. 9 shows the typical 
dHvA oscillation both in the superconducting mixed 
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Fig. 8. Schematic diagram of the generalized FFLO state. 
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Fig. 6. Isothermal AC-susceptibility curves at differing temper- 
atures for CeCo 2. 
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Fig. 9. dHvA oscillations both in the normal and mixed super- 
conducting states for CeRu2. 

state and the normal state for the field along the [1 00]  
direction at 0.47 K. A region between 40 and 55 kOe 
corresponds to the generalized F F L O  state mentioned 
above, showing sharp drops in the oscillatory curve. Two 
or three branches are observed. The main dHvA fre- 
quency F is 2.28 x 107 Oe. We have determined the mean 
free path I for the carrier, using the following formulae; 
S = nk 2, hkv = rn*vF and l =  vEz. Here S is the cross- 
sectional area of the Fermi surface which is proport ional  
to the dHvA frequency F( = hS/2ne), kF the Fermi wave 
number, vE the Fermi velocity, m* the cyclotron effective 
mass and z the scattering lifetime. F r o m  the temperature 
and .field dependences of the dHvA amplitude, we can 
determine the cyclotron effective mass (2.56 too) and the 
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scattering lifetime (1.13 x 10-12 s), respectively. From 
these values, we can estimate the mean free path 
l = 1340 A. CeRu2 is thus a very clean superconductor. 
We should like to note that the detected dHvA branches 
are well-explained by the 4f-itinerant band model [15]. 

We have presented magnetization, magnetostriction 
and AC-susceptibility results for UPd2A13 and CeRu2 as 
well as AC-susceptibility results for CeCo2, indicating 
a first-order phase transition between weak and strong 
pinning. The origin of the strong pinning mechanism was 
discussed on the basis of the generalized FFLO super- 
conducting state. We expect that there are more candi- 
dates for the generalized FFLO superconductor because 
usually, heavy-Fermion compounds show large spin sus- 
ceptibilities and large K values. We advocate that UBe13 
[16] and UPt3 [17] might be promising materials, while 
UNi2A13 is not [18]. Further experimental studies are 
necessary, especially to observe directly the unique nodal 
structure of the generalized FFLO order parameter. 
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