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Dilatometric and magnetic experiments on high-quality single crystals of the superconducting
compounds UPd,Al; and CeRu,, which have enhanced spin susceptibilities, demonstrate a first-order
transition between weak and strong pinning at 7 < 0.97. (H > 10 kOe). This is compatible with a
staggered order parameter due to the formation of a “Fulde-Ferrell-Larkin-Ovchinnikov” state.

PACS numbers: 65.70.+y, 74.60.Ge, 74.70.Tx

Staggered superconducting order parameters have at-
tracted much interest in connection with the internal
multilayer structure of high-T,. cuprates [1] and, more
recently, with “odd-frequency-pairing” superconductors
(SC) [2]. More than three decades ago Fulde and Fer-
rell (FF) [3] as well as Larkin and Ovchinnikov (LO)
[4] proposed that, in a very clean and strongly Pauli-
limited singlet SC, a partially polarized superconduct-
ing state should form at high magnetic fields. This
spatially modulated “FFLO” state should raise the up-
per critical field H.o(T) at which the superconducting-
normal transition takes place. While the search for the
FFLO state among classical SC was unsuccessful, there
have been recent claims for its existence in certain
heavy-fermion (HF) SC. For example, the record value
H.»(0) = 140 kOe established for a high-quality single
crystal of cubic UBe3 (T, = 0.94 K) was ascribed to
the formation of the FFLO state [5]. Furthermore, Mod-
ler et al. [6] discovered unique anomalies in the sam-
ple length, I(T, H), below H.»(T) and T < 1.5 K for the
hexagonal compound UPd; Al; which exhibits [7] a coex-
istence of HF superconductivity (7. < 2 K) and strong
antiferromagnetic order (Ty = 14.5 K).  Emphasizing
that UPd,Al; fully meets the following strict require-
ments, i.e., is (1) a very clean SC (electronic mean free
path €y = 700 A > superconducting coherence length
& =85A [7]) and (2) subject to strong Pauli lim-
iting (H.,(0) = Hp[in 10 kOe] = 1.84T.[in K]), Gloos
et al. [8] speculated that these [(T, H) anomalies mark a
first-order transition from the mixed state to the modu-
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lated FFLO state. New research activities were initi-
ated by the reports of Huxley et al. [9] and Yagasaki
et al. [10] that the nonmagnetic (“strongly intermediate-
valent”) cubic Laves-phase SC CeRu, [11] (T. = 6.1 K)
exhibits striking magnetic anomalies below H.,(T) and
T < 5.5 K [12], leading to an H-T phase diagram simi-
lar to that of Fig. 1(b). Subsequently Goshima et al. [13]
showed that in CeRu,, along with these magnetic fea-
tures, anomalies show up in both the magnetocaloric ef-
fect and the elastic constants which appear to be related
to the dilatometric ones found in UPd,Al; [6,8]. Since
the CeRu, samples studied in Refs. [9,10,13] were clean
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FIG. 1. H-T phase diagrams of (a) UPd,Al; and (b) CeRus,.

Anomalies in M(H,T) (V, Fig. 2), Al(H) (A, Fig. 3), AI(T)
[O, Fig. 4(a)] and y..(T) (@, Fig. 5) define onset [H,(T)] and
offset [H(T)] of irreversibilities, see text. Upper critical field
H(T) defined by +[xq.(H,T)] and < [a(T), Fig. 4(b)].
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SC (€y > &y = 61 A [9]), a naive interpretation in terms
of the ordinary, i.e., disorder-induced, “peak effect” in the
critical current density often observed for dirty type-II SC
[14] can be safely discarded.

In this Letter we report a comparative study on high-
quality single crystals of UPd;Al; and CeRu,, based
on measurements of the magnetostriction [AI(H,T =
const)], thermal dilatation [AI(H,T = const)], dc mag-
netization [M(H,T = const), M(T,H = const)], and ac
susceptibility [ yac(H,T = const), y..(T,H = const)].
Our salient results are as follows: (i) As far as the
anomalies mentioned in the introductory paragraph are
concerned, these otherwise very different compounds
appear phenomenologically related to each other; cf. their
H-T phase diagrams in Figs. 1(a) and 1(b). (ii)) We are
able to infer the main criteria for these anomalies to
occur, i.e., large values not only of the electronic mean
free path, but also of the spin susceptibility. (iii)) We
can explain quite naturally the first-order line H;(T) in
Figs. 1(a) and 1(b) that separates weak (H < H;) from
strong (H > H;) pinning. This marks a transition from
the mixed state, the usual Abrikosov vortex lattice, into
a “generalized FFLO” state, the latter exhibiting nodal
planes perpendicular to the vortices [15].

For our present investigations we used the same
UPd,Al; single crystal (T. = 1.85 K) studied in [7,8].
As before, we obtained similar results for the H field
applied along and perpendicular to the hexagonal ¢
axis. A CeRu;7 ingot was prepared from the starting
materials (4N Ce, 3N Ru) by arc melting. The ingot
was subsequently zone melted in a cold crucible placed
under vacuum in an induction furnace. Parts of the
resulting CeRu, single crystal were used for de Haas—van
Alphen measurements which yielded an electronic mean
free path €o = 1300 A [16]. The thermal-dilatation and
magnetostriction measurements were carried out using
a parallel-plate capacitance technique, with a dilatation
cell manufactured from 5N Ag. The magnetization
measurements on CeRu, were done at THD with the
aid of a SQUID system of small field inhomogeneity
(AH/H =2 X 107%), those on UPd,Al; were done
using the low-T7, high-H SQUID facilities at CRTBT
(AH/H < 4 X 1079). Both dc-magnetization experi-
ments were quasistatic extraction measurements. The
latter setup also rendered the possibility to measure the
ac susceptibility, i.e., by using a high-resolution SQUID
sensor (longitudinal ac field =1 Oe and frequency
=10? Hz).

The isothermal magnetization curves of UPd,Al; (T =
0.25 K) and CeRu, (T = 3 K) display in both cases
a sharp peak at H.;, and, in addition [cf. Figs. 2(a)
and 2(b)], an almost reversible M(H) dependence for
15 = H = 30 kOe, a hysteresis “loop” between H; and
Hy < H_, and reversible behavior at higher fields. The
CeRu, data [Fig. 2(b)] clearly indicate a first-order tran-
sition from weak to strong pinning. This is corroborated
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FIG. 2. Isothermal dc magnetization M vs field H of (a)
UPd,Al; and (b) CeRu,. Insets: H; and Hy indicate the
onset and offset fields of the hysteresis loop. H,,, the upper
critical field, is defined by the change in slope of the high-
field data. O and @ in the inset of (a) denote values of the
hysteretic magnetization taken upon moving the sample up or
down within the pickup coils of the magnetometer.

by our magnetostriction results [Fig. 3(a)] which demon-
strate that at H = H, there is an enormous increase in the
stress induced by the trapped vortices that act on the sam-
ple. As for UPd,Al; [7,8], for CeRu; (i) the amplitude
of the AI(H,T = const) anomaly is found to be precipi-
tously reduced upon warming, and (ii) the sample length
AI(T,H = const) relaxes slightly below the depinning
temperature 7(H), hinting at a pronounced weakening of
the pinning force [17]. For UPd,Als, different signs for
these quasidiscontinuous length changes were observed in
different runs on the same sample; cf. Refs. [7,8]. The
CeRu, data of Fig. 3(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 had been applied to the
sample [Fig. 3(a)], following an initial zero-field cooling.
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FIG. 3. CeRu,: (a) Isothermal magnetostriction Al vs H and
(b) length change Al vs T measured at different fields, starting
from different points of the isothermal AI(H) curve displayed
in (a). Al(T) data are shifted in order to coincide for the
normal-state values. Field-cooled curve AI(T) is shown for
H = 35 kOe only.
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A compilation of the results from different techniques
for the UPd;Al; sample is shown in Fig. 4. These mea-
surements were carried out at H = 25 kOe as a func-
tion of temperature. The change in AI(T) [Fig. 4(a)]
occurs well below the superconducting transition tempera-
ture T, as determined from the mean-field-type anomaly
in the thermal-expansion coefficient a(T) = 1191/0T,
measured by slowly cooling in constant field [Fig. 4(b)].
Figures 4(c) and 4(d) demonstrate that for T; < T < Ty
the magnetization is irreversible, consistent with a pro-
nounced negative peak in y,.(T) and indicating strong
pinning. Comparison with Fig. 4(a) shows that the re-
laxation of the sample length takes place slightly above
the temperature of this peak and slightly below the de-
pinning temperature 7. The pinning-related anomalies
in AI(T,H) and M(T, H) become negligibly small below
H = 10 kOe for both compounds, i.e., above 7" = 1.5 K
for UPd,Al; and above T = 5.5 K for CeRu,. As seen
in Fig. 5, the depths of the minima in the y,.(T,H =
const) curves [18] decrease linearly upon reducing the
field down to 12.5 kOe. We ascribe the peaks below
10 kOe [Fig. 5(b)], which deviate from the straight line
in Fig. 5(c), to demagnetizing fields near the edges and
corners of our UPd,Al; single crystal.

Turning now to an interpretation of our experimental
results, we first wish to stress that both UPd,Al; and
CeRu, exhibit large low-T spin susceptibilities ys [3.2 X
1073 and (2.7 * 0.5) X 1073 emu/cm?] [17]. Therefore,
the quasiparticles inside the vortex cores gain a large Zee-
man energy density which, close to H.,, becomes almost
identical to the superconducting condensation energy den-
sity H2/87 = 0.25(y0/Vimole)T>; here H, is the thermo-
dynamic critical field, yo (125 and 29 mJ/K? mole for
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FIG. 4. Isofield results on UPd,Al; indicate that the sample

length (a) relaxes at T < Ty < T,. (b) T, is determined from
the midpoint of the jump in the thermal-expansion coefficient
a(T). The temperatures 7; and 7, mark the onset and the
offset of the strong-pinning regime as observed in (c) M(7) and
(d) xac(T), respectively; full (open) symbols (c) have the same
meaning as in Fig. 2(a), (d) denote measurements upon heating
(cooling).
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UPd,Als [17] and CeRu, [9]) the Sommerfeld coeffi-
cient of the normal state specific heat and Vi, (62.94
and 32.23 cm® mole™!) the molar volume. Consequently,
one estimates a very small self-energy of the vortex core,
Ecore = ng(ch/SW — 0.5xsh?), h being the magnetic
field induced at the vortex core by the shielding currents
surrounding it. This explains [15] why H.; (as T — 0)
is as low as 100 and 250 Oe for UPd;Al; and CeRu,, re-
spectively, and why the pinning is that weak in a wide
field range below H;; see Figs. 2(a) and 2(b).

Including the large Zeeman term in the BCS Hamilton-
ian for a singlet SC with sufficiently weak spin-orbit scat-
tering off impurities (€5, > €9 > &o, as realized in our
samples), Tachiki et al. [15] obtained for the gap equation
a solution that varies periodically along the direction of
the H field. The wavelength of the oscillation A varies
between =40&, at H; and =15¢, at H.,, depending on
the strength of the (dominating) paramagnetic relative to
the orbital pair-breaking effect of the external field. In
the new state, the order parameter exhibits a periodic ar-
ray of nodal planes perpendicular to the vortices, at inter-
vals A [19]. Apart from a much larger layer separation,
this “generalized FFLO state” resembles the vortex state
of layered cuprate SC in magnetic fields perpendicular to
the CuO; planes.

As argued above, the pinning force on rigid vortices
in such a clean SC with enhanced spin susceptibility is
very weak. In the generalized FFLO state, however, we
expect a significant change in the pinning capability of
the SC. Here the occurrence of planar nodes of the order
parameter at H; leads to a segmentation of the vortices
into pieces with a length of several times 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 cuprate SC. If
the vortices are subject to weak disorder, e.g., as in the
presence of point defects, we expect the individual vortex
segments to accommodate more easily to the random
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FIG. 5. (a),(b) real part of y..(T,H = const) for UPd,Al; at
different magnetic fields as indicated by (c) the symbols which
mark the magnitude of the minimum vs the applied field.
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pinning potential, thereby becoming efficiently pinned by
the collective action of weak pinning centers [20].

Several points need clarification by future investiga-
tions: (1) Compared to the results of the original theory
dealing with BCS superconductors [3,4], which restricts
the FFLO state to 7 < 0.567T ., we find a greatly enhanced
existence range, T < 0.97, for both UPd;Al; and CeRu,
[21]. (2) The existence range of the FFLO state on the
field axis is, especially for CeRuy, much wider than ex-
pected from Refs. [3,4] where spherical Fermi surfaces
are assumed. However, both UPd;Al; [22] and CeRu,
[16] exhibit complex Fermi surfaces with disjunct por-
tions. Therefore, an antiferromagnetic exchange interac-
tion among electronic quasiparticles is highly probable
[23], which should favor an expanded field range for the
FFLO state, cf. Ref. [19].

In conclusion, for two SC that behave differently in
many respects we have observed surprisingly similar
anomalies in the magnetic and dilatometric properties,
indicating highly unusual pinning properties: the anti-
ferromagnetically ordered HF compound UPd;Al; and
the nonmagnetic, strongly intermediate-valent compound
CeRu,. We have presented arguments that, apart from
a large spin-orbit mean free path and sufficiently weak
orbital pair breaking, an enhanced spin susceptibility
is a prerequisite for the formation of the generalized
FFLO state. Owing to its generic nodal structure, the
latter can explain naturally the observed first-order
transition from weak to strong pinning. In order to
observe the “anomalous peak effect” described in this
Letter, a suitable weak random pinning potential appears
to be required; cf. Ref. [17]. Future experiments, e.g.,
of scanning-vacuum-tunneling spectroscopy, should be
addressed to directly observe the unique nodal structure
of the staggered FFLO order parameter.
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