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Abstract 

We report an investigation of the magnetic and dilatometric properties of single crystals of the superconductors UPd~ AI 3 
and CeRu 2, both compounds exhibiting enhanced spin susceptibilities. Our results suggest for both systems a first-order 
transition between weak and strong pinning at T < 0.9T¢, somewhat below Hc2(T). We argue that these observations are 
compatible with a staggered order parameter due to the formation of a "generalized Fulde-Ferrell-Larkin-Ovchinnikov 
state". 

1. Introduction 

Tachiki et al. [1,2] have recently reported the first 
non-linear theory which addresses the interplay be- 
tween the Abrikosov flux-line (AFL) lattice and the 
non-uniform superconducting F u l d e - F e r r e l l -  
Larkin-Ovchinnikov (FFLO) state. In order for the 
latter to be created, the gain in Zeeman energy 
associated with the formation of generic nodal planes 
(the " L O  planes") perpendicular to the AFL lattice 
has to compensate the pay in superconducting con- 
densation energy. For clean type-II superconductors 
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with short coherence length (or large Ginzburg- 
Landau parameter K), strong Pauli limiting and a 
large spin susceptibility Xs, a first-order transition 
between the AFL lattice and the FFLO state should 
take place and, in the presence of a weak random 
pinning potential, be accompanied by an abrupt 
change from weak to strong pinning. This can be 
understood as follows: Because of the large Zeeman 
energy, the self-energy of the vortex core is small 
and pinning weak. However, once the vortices be- 
come truncated by the " L O  planes" at sufficiently 
high field, the AFL segments (with a length of 
several tens times the coherence length) can accomo- 
date to the weak random pinning potential more 
easily than the intact vortices can at lower fields, 
thereby becoming efficiently pinned by the collective 
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action of weak pinning centers. This resembles the 
case of high-quality single crystals of the cuprate 
superconductor YBa2Cu30 7_~: Here, an enhance- 
ment of flux pinning was observed upon approaching 
the melting transition of the flux lattice and was 
interpreted to be caused by the softening of the 
vortex lattice which preceeds the melting [3]. Since 
such an increase in pinning strength gives rise to an 
increase in the critical-current density, it is com- 
monly labeled "peak effect". In Ref. [1] comparison 
was made between the theoretical predictions and 
available results from DC magnetization and isother- 
mal magnetostriction experiments on both the anti- 
ferromagnetically ordered heavy-fermion supercon- 
ductor UPd2A13 (T~<2 K) and the nonmagnetic 
strongly-intermediate-valent superconductor CeRu 2 
(T c < 6.1 K). These experimental results which high- 
light an anomalous peak effect for both systems were 
found to be qualitatively consistent with the theoreti- 
cal expectation. 

The present paper is aimed at providing a thor- 
ough study of single crystalline samples of both 
compounds. In addition to the two techniques men- 
tioned before, results on the AC susceptibility and 
thermal expansion will be presented. Details con- 
ceming the crystal growth and characterization as 
well as the experimental set ups will be published 
elsewhere [4]. High-resolution length measurements 
on UPd2A13 have lead to the first speculation of the 
occurrence of a FFLO state [5]. In Section 2, we 
focus on the magnetic properties of UPdEA13 which 
allow us to derive a refined H - T  phase diagram for 
this material, while Section 3 is devoted to CeRu 2. 
In Section 4, the results for the two compounds are 
put into perspective. 

2. The antiferromagnetic heavy-fermion super- 
conductor UPd2 AI 3 

This hexagonal compound meets the strict re- 
qu i remen ts  for the FFLO state to  f o r m  at sufficiently 
high magnetic field [1]: 
(1) The transport mean free path l = 720 .~ greatly 
exceeds the Ginzburg-Landau coherence length ~0 
-~ 85 ~, [6]. 
(2) A large magnetic penetration depth A 0 = 4000- 
5000 ,~ [6] is equivalent to a large K = A0/~ 0 - 50. 

(3) The orbital field Hc~(0) = 61 kthe [1] is substan- 
tially larger than the Pauli limiting field Hp(0) - 34 
k~be, indicating that the orbital pair breaking is 
sufficiently weak. 
(4) The Zeeman-energy density ez = 0.5Xs H2(0) = 
20.6 × 103 e rg / cm 3 (H  II c) and 16.4 X 10 3 
e rg /cm 3 ( H _ L c )  almost coincides with Ec = 
H2th(0)/8rr = 19.8 × 103 e rg /cm 3, the density of 
the superconducting condensation energy. Here, the 
thermodynamical critical field was estimated via 
H2th(0)//8"rr ~ 0.25(7o/Vmol¢)Tc 2 (Vmole = 62.94 
cm3/mole). This means likewise that the Pauli limit- 
ing field Hp(0) almost coincides with the experimen- 
tal H~2(0) being 32 k~be for H _1_ c and 36 kthe for 
H II c, respectively. 

Among the heavy-fermion superconductors, 
UPd 2 AI 3 is unique in that it exhibits [7] microscopic 
coexistence of a superconducting condensate formed 
by "itinerant 5f electrons" ("heavy fermions") and 
seemingly "more localized 5f states" giving rise to 
antiferromagnetic order below Tr~ = 14.5 K [6]. From 
both Knight-shift [7] and specific-heat [8] results the 
"itinerant 5f subset" was characterized by an intrin- 
sic Pauli susceptibility, Xp = 2 × 10 -3 emu/mole,  
and by a Sommerfeld coefficient, 3 ' 0 -  125 
mJ/K2mole.  These values were used in the above 
estimates for ~z and ~c, respectively. 

Fig. 1 displays a set of DC-magnetization curves 
measured as a function of temperature at fixed mag- 
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Fig. 1. " lsof ie ld"  DC magnetization M vs. T for different 
applied fields for UPd2AI3, HII[00I]. Arrows indicate Tc(H) 
values. The inset shows 20 k~be data above T = 1 K: (O) and (O) 
denote values of the magnetization taken upon moving the sample 
up/down within the pick-up coils of the magnetometer. T i and Tf 
mark onset and offset temperatures of the irreversibility range. 
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netic fields H applied along the hexagonal c-axis. 
The low-field data for H < 17.5 k4,e display strong 
pinning at low temperature, below the irreversibility 
line Hi=(T) or Ti=(H), typical for a clean type-II 
superconductor. Above Tirr(H) the magnetization is 
almost reversible. For magnetic fields H > 20 k ~be, 
out of this almost reversible regime another irre- 
versibility range develops somewhat below T~(H). 
This indicates an unusually strong pinning in the 
temperature range T i < T_< Tf, where T i / T  f are the 
onset/offset temperatures of this anomalous pinning. 
Compared to the DC magnetization curves our AC- 
susceptibility traces of Fig. 2, which demonstrate 
enhanced diamagnetism due to strong pinning some- 
what below T~(H), are apt to resolve this phe- 
nomenon at even lower fields (Fig. 2(b)). As seen in 
Fig. 2(c), the minima in the XAc (T, H--const)  
curves decrease linearly upon reducing the field down 
to 12.5 k~be. The peaks below 10 k~be which deviate 
from the straight line in Fig. 2(c) are ascribed to 
demagnetizing fields near the edges and corners of 
our UPdEAI 3 single crystal; thus, apparently no in- 
trinsic anomalous peak effect occurs at lower fields 
(T> T* = 1.6 K). 

In Fig. 3, we compare results, taken at H = 25 
k~be along the [110] direction, for measurements of 
(a) the sample length AI(T) and (b) the linear ther- 
mal-expansion coefficient a(T) with those of (c) 
M(T) and (d) XAc(T). Figs. 3(c) and (d) demonstrate 
that the hysteresis loop in the DC magnetization and 
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Fig. 2. Real part of XAc(T, H = const.) for UPd2AI 3 (a, b) at 
different magnetic fields as indicated by the symbols (c) which 
mark the magnitude of the minimum vs. the applied field. 
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Fig. 3. lsofield (H = 25 k~be) results on UPd2AI 3 indicate that 
the sample length (a) relaxes upon warming at T < T t < T c. T¢ is 
determined from the midpoint of the jump in the thermal-expan- 
sion coefficient a(T), determined in a field-cooled experiment 
(b). The temperatures T i and Tf mark the onset and the offset of 
the strong-pinning regime as observed in M(T)  (c) and XAc(T) 
(d), respectively; full/open symbols denote values of the hys- 
teretic magnetization taken upon moving the sample up/down 
within the pick-up coils of the magnetometer (c) and data points 
registered upon warming and cooling (d), respectively. 

the diamagnetic peak in the AC susceptibility (at 
T~ < T < Tf), both indicating extraordinary pinning, 
almost coincide. This temperature range is well sepa- 
rated from the superconducting transition tempera- 
ture T c, being determined from the midpoint of the 
mean-field transition in a(T),  when measured upon 
cooling in constant field (Fig. 3(b)). The positions of 
Ti(H),  r f ( H )  and Tc(H) as well as of Hi(T), Hf(T)  
and H¢:(T), the latter being obtained through 
isothermal field scans, can be used to construct the 
H-T phase diagrams of Fig. 4. In agreement with 
previous results [5], these phase diagrams for H J_ c 
and H [] c make manifest a moderate anisotropy. 

3.  T h e  p a l ' m a g n e t i c  i n t e r m e d i a t e - v a l e n c e  s u p e r -  
c o n d u c t o r  C e R u  2 

The cubic Laves phase compound CeRu 2, too, is a 
clean type-II superconductor with short coherence 
length ~0=61 /~ ( , t :  1--- 1300/~) and large K= 16 
[9]. Like for UPd2AI3, the orbital field Hc~(0) - 118 
k~be comfortably exceeds [1] the Pauli limiting field 
Hp(0) = (79 + 8) k (~e. Note, however, that the tem- 
perature dependence of the upper critical field ex- 



                                                 501 

hibits a striking anomaly found by several groups 
[4,9,10]:  Hc2(T)  shows an upturn near H = 10 k(he, 
and its initial slope -(dHc2/dT)ro-- 12 k S e / K  is 
much smaller than - -26 .5  k~6e /K  expected from 
He; (0). 

In order to obtain the intrinsic Pauli susceptibility 
Xp we firstly subtract from the low-T, normal-state 
susceptibility a Curie-Weiss- type " i m p u r i t y "  con- 
tribution corresponding to, at least, 0.2 at.% "non-  
t ransformed" Ce 3+ ions. This yields X0 = 2.35 × 
10 -4 (in SI units). Secondly, we correct X0 for the 
diamagnetic contributions arising from both core and 
conduction electrons, gd~ = - - 3 . 5 ×  10 -5 (in SI 
units) [9]. The resulting Pauli susceptibility Xg = Xo 
-Xdi~ = 2.7 × 10 -4 (in SI units) agrees reasonably 
well with published data [9,10]. Assuming that the 
" i m p u r i t y "  contribution X~ is purely spin derived, 
we find the total low-T spin susceptibility ) ( s p i n  = )(~ 
+x~(T-*O) tO amount to ( 2 . 7 + 0 . 5 ) ×  10- 

e m u / c m  3. Using He2(0) = 70 kthe (inset of  Fig. 5), 
we estimate a Zeeman-energy density az --- (67 + 12) 
× 103 e r g / c m  3. Employing the Sommerfeld coeffi- 
cient 3,0 = 29 m J / K 2 m o l e  [9] and Vmol,= 32.23 
cma /mole ,  the density of  the condensation energy is 
estimated to be E¢ = 84 × 10 s e r g / c m  3. This value 
presumably overestimates a¢ substantially, since pair 
breaking by paramagnetic " impur i t i e s"  (with con- 
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Fig. 5. Dilatomelric investigation of a closed cycle in the H - T -  
plane of CeRu 2 (see inse0, consisting of four subsequent mea- 
surements (H Jill I0]): (1) isothermal magnetosaietion (T = 2.5 K) 
starting from the superconducting state after ZFC, (2) isofield 
thermal expansion (H = 30 k@e), (3) isothermal magnetostriction 
(T = 6.2 K) and (4) zero-field thermal expansion. Since the length 
balance is conserved, the small discontinuity in run (1) may be 
ascribed to a jump of flux bundles within the weak-pinning 
superconducting state. The characteristic length jump in run (2) 
occurs at T =(3.90+0.03) K, i.e., below T c (30 kd, e)= (3.98+ 
0.02) K: both the magnitude and sign of the anomaly depend 
strongly on the field history (1), cf. also Fig. 6. 

centration _> 0.2 at.% Ce 3+ ions) reduces the con- 
densation energy. Future low-temperature measure- 
ments of  the specific heat and magnetization on the 
same sample are in preparation in order to obtain 
more accurate estimates for ez and E c. Given the 
present uncertainty margins, the Zeeman energy den- 
sity and the condensation-energy density are consid- 
ered to be close to each other. Not surprisingly, 
several groups [9-14] reported anomalies related to 
an anomalous peak effect for CeRu 2, too. The exper- 
imental techniques applied in these investigations 
were DC magnetization, AC susceptibility, elastic 
constants and magnetocaloric effect. 

In the following, we wish to concentrate on length 
measurements performed as a function of both 
T(H = const.) and H(T= cons0. Such experiments 
were at the heart of  the initial work on UPd2A13 in 
Ref. [5]. Fig. 5 shows a typical result for a closed 
cycle in the H-T phase diagram of CeRu 2 (see 
inse0. Two observations are worth mentioning: 
(1) The length balance holds over the full cycle. 
(2) A pronounced length change takes place along 
path 2 near T f (H)  < Tc(H), whereas no anomaly can 
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be resolved at lower temperatures, i.e. when warm- 
ing the sample to T>  Ti(H). This discontinuous 
change in A l near T = Tf corresponds to the one for 
UPd2A13 displayed in Fig. 3(a) and indicates a 
pronounced relaxation of the sample length. The 
latter occurs slightly above the temperature of maxi- 
mum pinning (cf. Figs. 3(c) and (d)). For UPd2AI3, 
too, no anomaly can be resolved in the correspond- 
ing experiment at T = T~ where the transition takes 
place from weak to strong pinning. At first glance, 
this is a counter-intuitive result which, however, 
finds a natural explanation in the fact that in the 
AI(T, H =  const.) measurement there is no driving 
force acting on the flux lines: 
(1) Because of the high r ,  the high-field magnetiza- 
tion, i.e. the concentration of vortices, does virtually 
not change upon warming. 
(2) In the absence of temporal field variations, no 
Lorentz force is operative which would enable the 
AFL lattice to gain energy by taking advantage of 
the strong pinning at T_> T i. On the other hand, in 
the measurements of both DC magnetization (due to 
the motion of the sample along a small field gradi- 
ent) and, of course, AC susceptibility the Lorentz 
force is operative, and the abrupt increase in pinning 
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Fig. 6. CeRu2: Isothermal magnetostriction AI vs. H (a) and 
length change A l vs. T measured upon warming at different fields 
(b), starting from different points of  the isothermal AI (H)  curve 
displayed in (a). AI(T) data are shifted in order to coincide for the 
normal-state value. Field-cooled curve AI(T) is shown for H = 35 
k~be only. 
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Fig. 7. Isothermal DC magnetization M vs. H of CeRu 2 at T = 3 
K. Arrows indicate measurements done on increasing and reduc- 
ing the field, respectively, as well as onset (Hi), offset (Hf) fields 
of strong-pinning regime and upper critical field (Hc2). In agree- 
ment with the magnetostriction results (Fig. 6), the magnetization 
is not strictly reversible below H = H i. 

strength can be easily recognized. The above reason- 
ing that AI(T, H =  const.) does not react on the 
prominent first-order transition when warming the 
sample to T > T~ presumes a non-equilibrium state, 
i.e. the existence of a finite pinning potential, already 
in the seemingly "reversible" regime (T<  Ti). In 
fact, hysteresis effects in this part of the H - T  phase 
diagram are clearly resolved in the magnetostriction 
data, A I(H, T = const), of Fig. 6(a) and in the 
isothermal DC-magnetization curves, M(H, T= 
const), of Fig. 7. Note that no hysteresis is seen in 
these experiments above H = H f ,  H f  being the de- 
pinning field at which the intervortex interaction 
eventually exceeds the pinning force, so that the 
pinning centers become inefficient. 

Compared to the UPd2A13 data [1,4], the magne- 
tization results for CeRu 2 displayed in Fig. 7 exhibit 
a more abrupt increase of the diamagnetic response 
upon increasing the field to H > H i. Along with the 
paramagnetic peak showing up on decreasing the 
field, this anomaly proves the existence of shielding 
currents due to trapped flux inside the superconduc- 
tor. The sudden onset of strong pinning at  H i and the 
hysteresis of H i on increasing/decreasing the field 
indicate that this transition is, in fact, of first order. 
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Further support for our claim that in CeRu 2 a 
strongly pinned vortex state exists above H i de- 
rives from pronounced magnetostriction anomalies: 
Fig. 6(a) shows the field-induced length change mea- 
sured under isothermal conditions at T = 3 K. These 
data clearly demonstrate that the coupling of the 
vortex lattice to the crystal lattice increases the 
stronger the pinning: the abrupt change from weak to 
strong pinning when increasing the field to H > H i 
causes an enormous increase in the stress, induced 
by the trapped vortices that act on the sample. The 
amplitude of the magnetostriction anomaly is found 
to be precipitously reduced upon warming the sam- 
ple, eventually disappearing completely at T > T * -- 
5.4 K (corresponding to H < H *  -- 10 k~be). Very 
similar A/(H,  T=cons t )  results for UPd2AI 3 are 
reported in Ref. [5]. 

Returning to the relaxation of the sample length 
(upon warming) that gives rise to a step-like change 
in A/(T, H =  const), we wish to note that, like for 
UPd2A13 [5], different signs for these quasi-discon- 
tinuous length changes can be observed in different 
runs on the same sample. The CeRu 2 data of Fig. 
6(b) reveal that both the size and sign of this length 
jump depend on the field history, i.e. the way by 
which the magnetic field was applied to the sample 
(Fig. 6(a)), following an initial zero-field cooling. 

4. Perspective 

We have found similar anomalies in the magnetic 
and dilatometric properties, indicating highly unusual 
pinning properties, for two otherwise very different 
superconductors, the antiferromagnetically ordered 
heavy-fermion compound UPd 2 A13 and the nonmag- 
netic intermediate-valence compound CeRu 2. Our 
experimental results resemble the well-known peak 
effect in type-II superconductors. However, we feel 
that we can discard the conventional causes giving 
rise to a peak effect in these two compounds: 
(1) Sample inhomogeneities implying normal regions 
of mesoscopic size [15] are unlikely in view of both 
the good sample quality [4] and of the almost re- 
versible magnetization curves at H < Hi; 
(2) a "matching effect" between the array of pin- 
ning centers and the AFL lattice would have to occur 
for the same H field almost independent of T, and 

no peak effect should be observed in temperature 
scans at H = const [16], in contrast to our observa- 
tions; 
(3) a "synchronization", i.e. a softening of the AFL 
lattice overcompensating the weakening of the pin- 
ning force upon increasing H [17] should result in a 
gradual rather than in an abrupt increase in pinning. 
In addition, "synchronization" should work close to 
T c (close to H = 0 k~be), while the anomalies ob- 
served experimentally are confined to H > H * = 10 
kthe. 
(4) The latter holds true also for the first-order 
transition between weak and strong collective pin- 
ning found in amorphous Nb3Ge and Mo3Si films 
and ascribed to a three- to two-dimensional crossover 
of the AFL lattice [18]. 

Therefore, our observations highlight a peak ef- 
fect of novel origin. 

Several points deserve further consideration: 
(1) In order to observe the formation of the FFLO 
state via the anomalous peak effect, a suitable ran- 
dom pinning potential is required. If the pinning is 
too strong, an irreversible magnetization curve in the 
whole Shubnikov phase may be observed, as, e.g., in 
CeCu2Si 2 [19]. On the other hand, in a nearly homo- 
geneous type-II superconductor, the magnetization 
curve may be almost reversible in the whole mixed 
state. There is evidence that extremely high-quality 
single crystals of UPd2A13 come close to this clean 
limit [20]. Comparison of the DC-magnetization re- 
sults of Figs. 1 and 7 suggest substantially stronger 
pinning centers to exist in CeRu 2 than in UPd 2 A13. 
In this context the role of pair-breaking paramagnetic 
Ce 3+ "impurities",  found evidence for by a Curie- 
Weiss contribution to the susceptibility of CeRu 2, 
has to be explored by future experiments. 
(2) The origin of the unique jump in the length, 
measured upon warming the sample as a function of 
temperature at constant field ( H  > 10 k~be), is not 
fully understood. As seen in Fig. 4, (the midpoint of) 
this anomaly occurs intermediate between the tem- 
perature of maximum pinning and Tf(H), the depin- 
ning temperature. We relate this anomaly to a pro- 
nounced weakening of the pinning force within a 
rather narrow temperature window. Future calcula- 
tions have to show in which way T-dependent 
changes of the modulated order parameter are essen- 
tial for this rapid reduction in the pinning force. 
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(3) Compared to the original theories [21,22] which 
assume an isotropic order parameter and restrict the 
FFLO state to T <  0.56T o we find for both UPd2A13 
and CeRu 2 a greatly enhanced existence range, T < 
0.9T~. In addition, the existence range of  the FFLO 
state on the field axis is, especially for CeRu 2, much 
wider than expected in Refs. [21] and [22], which 
assume spherical Fermi surfaces. In contrast to this 
assumption, both UPdEAI 3 [23] and CeRu 2 [24] 
exhibit complex Fermi surfaces with almost disjunct 
portions. Thus, an antiferromagnetic exchange inter- 
action among electronic quasiparticles is probable, 
which should favor an expanded field range for the 
FFLO state [25]. In fact, for CeRu 2 we estimate a 
Sommerfeld-Wilson ratio R - - 0 . 8 ,  which yields a 
Landau parameter F ~ - - + 0 . 2 5  [4]. An improved 
theory should, therefore, incorporate realistic band 
structures. 

We conclude by stating that, although the afore- 
mentioned problems need to be solved by further 
theoretical and experimental research, the proposal 
by Tachiki et al. [1] of  a staggered order parameter 
due to the formation of  a generalized FFLO state 
provides a natural explanation for the sudden change 
from weak to strong pinning in UPdEA13 as well as 
CeRu 2. Four necessary, but not sufficient, conditions 
for the occurrence of  those unique pinning anomalies 
have been derived: 
(1) a large electronic mean free path, 
(2) a short superconducting coherence length, 
(3) strong Pauli limiting and 
(4) a large spin susceptibility of  the normal metal. 

In addition, a suitable random pinning potentials 
appears to be required. 

These criteria should enable one to find further 
FFLO superconductors, notably among the heavy- 
fermion compounds; UBe13 [26] and UPt 3 [27] being 
prime candidates. The case of  CeRu 2 shows, how- 
ever, that the FFLO state can also form in conven- 
tional superconductors for which it had been pro- 
posed some three decades ago [21,22]. Further exam- 
ples may be found among the A15 [28] and boro- 
carbide [29] superconductors. Another line of  future 
research activities should focus on the decoration of  
the unique nodal structure of  the staggered FFLO 
order parameter. Such experiments may include neu- 
tron scattering with non-magnetic systems like CeRu 2 
and scanning-vacuum-tunneling spectroscopy. 
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