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Ultrasound velocity measurements of the unconventional superconductor Ge@tinextremely large
Pauli paramagnetic susceptibility reveal an unusual structural transformation of the flux-line (Ritigein
the vicinity of the upper critical field. The transition field coincides with that at which heat capacity measure-
ments reveal a second-order phase transition. The lowering of the sound velocity at the transition is consistent
with vortex segmentation and a crossover to quasi-two-dimensional FLL pinning. These results provide strong
evidence that the high-field state is the Fulde-Ferrel-Larkin-Ovchinikov phase, in which the order parameter is
spatially modulated and has planar nodes aligned perpendicular to the vortices.

DOI: 10.1103/PhysRevB.70.020506 PACS nuniber74.25.Dw, 74.25.Jb, 74.25.Ld, 74.70.Tx

In almost all superconductors, once the energy gap in thiated order parameter and spin polarization with a wave-
electronic spectrum opens at the critical temperafyrenly  length of the order of 2/|q|. In spite of enormous efforts
the gap amplitude, but not the shape and symmetry arouni find the FFLO state, it has never been observed in
the Fermi surface, changes within the SC state. Theonventional superconductors. The question of observing
only exceptions to this well-known robustness of the SCthe FFLO phase in an unconventional superconductor has
gap symmetry have, until now, been reported for 4JPt only been addressed more recently. In the last decade, heavy
SKLRuQ,? PrOsSh,2 as well as for superfluiPHe. In  fermion superconductors CeRand UPdAI; have been pro-
these materials, multiple SC phases with different symmeposed as candidates for the observation of the FFLO state,
tries manifest themselves beloW,. Moreover, in these but subsequent research has called into question the interpre-
superconductors the SC order parameter possesses a muléition of the data for these materials in terms of a FFLO
plicity, with a near-degeneracy of order parameters withstate!®
different symmetries. Tuning the pairing interaction by Recently it was reported that CeCglis a new type of
an external perturbation such as a magnetic field then causéeavy fermion superconductor with quasi-two-dimensional
a SC state of given symmetry to undergo a transition to &2D) electronic structure and an effective electron mass
different SC state. ~100m..!! CeColny has the highest transition temperature

On the other hand, in the early 1960s, Fulde and Ferre(T,=2.3 K) of all heavy fermion superconductors discovered
and Larkin and OvchinikoyFFLO) developed theoriebglif- until now. Subsequent measurements have identified
ferent from the above-mentioned mechanism, for an S@eColy as an unconventional superconductor with, most
phase with a different SC gap function. Generally, in spinlikely, d-wave gap symmetrd-12 Very recent heat capacity
singlet superconductors, superconductivity is suppressed hyieasurements in field parallel to tlad plane of CeColg
a magnetic field as a consequence of its coupling to the corkave raised great interest, because they may point to the
duction electron spin€Pauli paramagnetisnor to the orbital  occurrence of a FFLO phad&!® The phase transition from
angular momentungvorticeg, both of which break up the SC to normal metal at the upper critical field parallelato
Cooper pairs. The FFLO phase appears when Pauli paiplane, H[z, is of first order below approximately 1.3 K,
breaking dominates over the orbital efféct.In the FFLO in contrast to the second-order transition in other
state, pair-breaking arising from the Pauli effect is reduceduperconductors'6 Within the SC state, a second-order
by forming a new pairing statek,-k+q|) with |[gf  phase transition line branches from the first-ortis line
~2ugH/hve (v is the Fermi velocity between exchange- below 0.35 K; the transition field decreases with decreasing
split parts of the Fermi surface, instead(&fl ,~k|)-pairing  T.4 CeColn, satisfies the requirements for the formation of
in ordinary superconductors. As a result, a new SC state witkFLO state. First, it is in the very clean regime, i.e., the
different order parameter appears in the vicinity of the uppequasiparticle mean free path is much larger than the coher-
critical field H.,. One of the most fascinating aspects of theence lengthé. Second, the Ginzburg-Landau parameter
FFLO state is that Cooper pairs have a drift velocity in the=\/&>10 is very large(\ is the penetration depthThird,
direction of the applied field, and develop a spatially modu-H.,(T=0) has an extremely high value of 11.9 T, owing to a

0163-1829/2004/1@)/0205064)/$22.50 70 020506-1 ©2004 The American Physical Society



RAPID COMMUNICATIONS

WATANABE et al. PHYSICAL REVIEW B 70, 020506R) (2004
2300.3f (@) H o 200} X k//[100] -
85T E
23002} »-:»u <037 1 T 150z " u//1010] |
{ <
= 230011 <) i, 103 & 100F
E o, o 112T =
092300.0—,\& w6 11.6T < 50
" o, ¢ 12.5T SN
2299.9 o Ml o . Z o
2299.8 -50
2300.3
2300.2+ H
= 2300.1 FIG. 2. The relative shift of the transverse sound velocity
g 23000 Av?/v? as function of H at 100 mK for the Lorent# 1 u) and the
>~ 2300.

non-Lorentz modesH||u). The crystal stiffening aT, results in a
negative apparento?/v? for H>H,. The inset depicts the differ-
ence between Lorentz and non-Lorentz modAet:v?(u 1LH)
-v2(u[H), which can be attributed to the FLL. The dashed line is a
fit to Eq. (2).

2299.9
2299.8

T [K] .

FIG. 1. The transverse sound velocity as a function of tem- the self-flux method. The crystal has rectangular shape
perature in two different configurationga) The Lorentz mode With the size of 1.8<0.7X 0.5 mn?¥. Transverse ultrasonic
HI|k[[[200], u[[010] and (b) the non-Lorentz modey|H|[100],  waves, with a frequency of 90 MHz, were generated
k[|[[010]. The configuration(a) corresponds to a flux line bending by a LiNbO; transducer glued on the surface of the crystal. A
mode. The inset teh) showsv? in zero field and in the normal state pulse echo method with a phase comparison technique was
aboveHl,, including the high-field data in the non-Lorentz mode used to measure the relative change of the sound velocity
with H<H., (9.5 T, 10.8 T, and 11.6 T from right to lgft through the phase change of the detected signal. The resolu-

tion of the relative velocity measurements was about 1 part

very large conduction electron mass and to the tWo."106 | o measurements, the magnetic fiettl was
dimensionality. This situation is favorable for the occurrence y

of the FFLO state because the Pauli effect may overcom%ﬁp“.ed piatrallg to the htwo-dl(r)ngnsmnalf_pllgnés||c51_00]2t.1
the orbital effect. Fourth, the pairing symmetry is most | N€ inset o Fig. (b) showsuv in zero field, and in the

Il 1 0
likely to be d wave, which greatly extends the stability NOrmal state aboved,. In zero field, v, shows a steep

of the FFLO state with respect to a conventionalincrease belowy, indicating a stiffening of the crystal lattice
superconductdt.On the basis of some of these arguments@t the superconducting transition. In all experiments
the occurrence of a high-field FFLO state has beerPresented here, the transverse polarization of the sound
evoked!415However, the transitidSmay well be of com- means that the crystal lattice response is limited by its shear
pletely different nature, such as, e.g., a magnetic transitiom()du'USgCge- _ _
in the heavy fermion system. Therefore, an experimental Experiments on the FLL were always carried out in the
probe sensitive to the nature of the high field SC state idield-cooled condition. Figures(d) and 1b) display the
required in order to corroborate its interpretation in terms ofransverse sound velocitf as a function of temperature in
the FFLO phase. two different configurations with respect to the polarization

The most salient feature of the FFLO state is that the S¢éctoru, the sound propagation vecter andH. We distin-
order parameter should have planar nodes aligned perpefilish between the Lorentz force mogiig. 1(a), u L H]
dicular to the applied field. In particular, magnetic flux lines Where the sound wave couples to the vortices through the
are expected to be divided into segments of lengghr/|q|.6  induced Lorentz forceF_ =\ 2(uXH)xB, and the non-
Therefore, in order to establish the existence of a possibleorentz mode [Fig. 1(b), ulH] where the sound wave
FFLO state, it is important to elucidate the structure of thecouples only to the crystal lattice. As shown in Figs. 1 and 2,
flux line lattice (FLL), which in turn is intimately related to the transverse sound velocity in the Lorentz mode, with
the electronic structure. Here, we present ultrasound velocitflux motion parallel to theab plane, is strongly enhanced
measurements which provide direct information on the FLLCOMpared to that in the non-Lorentz mode. This indicates
structure in CeColp Sound waves are coupled to the FLL that the transverse ultrasound strongly couples to the FLL
when the latter is pinned by crystal lattice defects. The enin the Lorentz mode. The difference between the sound ve-
suing modified sound dispersion allows one to extract delocity in the Lorentz mode and in the non-Lorentz mode,
tailed information about the FLL-crystal coupling. We find a Avi=vg(u L H)=v (u[H), can be regarded as being the
distinct anomaly of the sound velocity, the nature and magecontribution of the FLL to the sound velocity. In the Lorentz
nitude of which provides strong evidence for segmentatiormode, Fig. 1a), the transverse polarization of the sound has
of vortices arising from the modulated order parameter prethe FLL undergo a long-wavelengttik|]x<1) bending
dicted for the FFLO phase. mode, limited by the FLL tilt modulus in the limik|— 0,

The measurements were performed on high quality singlel,(|k| —0)=B?%/uo. In the present case of sufficiently
crystals of CeColg with tetragonal symmetry, grown by strong FLL pinning, the contribution of viscous drag and
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FIG. 4. (Color) ExperimentaH-T phase diagram for CeCajn

FIG. 3. The relative shift of the transverse sound velocity arisingpe|ow 0.7 K for(H|[100]). The transition temperatu®, indicated
from the contribution of the FLLAv/v, as a function of tempera- y red squares, was obtained from ultrasonic measurements as in-
ture, below the upper critical fielt,. Av/v, is obtained as the  gicated by the arrows in Fig. 3. Blue circles and solid line depict the
difference between the non-Lorentz mode and the Lorentz modgpper critical fieldH, determined by the ultrasonic experiments. In
sound velocities. For clar*ity, the zero levels of the different curvesyis temperature regime, the transitionHt, is of first order. The
are vertically shifted. AfT", marked by arrowsAuvi/v; exhibits & gash-dotted line is the second-order transition line determined by
distinct cusp. The dashed lines axe;/v, extrapolated from above ine heat capacity reported in Ref. 14. The region shown by green is
T'. Dotted arrows indicat&c(H). in the FFLO state. The schematic figures are sketches of a flux line

above and below the transition.

normal excitations can be neglected. The FLL contribution
then writed? field regime neaH., in which the overallAv,(H) decreases
as a result of vortex core overlap.
B2 1 Figure 4 displays thel-T phase diagram below 0.7 K. In
= —, (1) this temperature range, the transitiorHas is of first order as
" popue 1+ (PoB)YAK[Z o indicated b '
y the sharp drop of the ultrasound veloc¢ége
Fig. 2). In the same figure, we plot thd., line reported in
with p the mass density of the superconducting matejial, Ref. 14. AlthoughH., in our crystal is slightly higher than
its critical current density, andy=h/2e. HL, reported in Ref. 14T seems to coincide well with the
Figure 2 shows the relative shift of the transverse soundeported second-order transition litet5On the basis of our
velocity Av/v{ as a function of field at very low tempera- results, we conclude thétie second-order phase transition is
ture. The hysteresis arising from the trapped field was veryharacterized by a sudden change of flux line pinning, due to
small. Below approximately 9 TAv{/v{ for the non-Lorentz g structural transition of the FLLThe present results defi-
O/UP increases nitely rule out the possibility that some kind of magnetic

Av

mode is nearly H-independent whileAuv;

steeply withH for the Lorentz mode. By fitting the increase transition, or a structural phase transition of the crystal lat-
to Eg. (1), we obtain a(field-independentcritical current tice, is at the origin of the transition. This can be seen by
density, j;=7.0x 1° A m™ In both modes,Avp/v{ de- looking at Av%/v¥ in the non-Lorentz modegFig. 1(b)],
creases gradually at higher field witH, followed by a  which show no anomaly & .18
jumplike decrease &t,. This sharp drop, which occursina  We here discuss several possible origins for a structural
very narrowH-rangeAH/H,<1%, is an indication of the change of the FLL. A reduction of the ultrasound velocity
first-order transition, and disappears at high temperatur@ith H at the transition would occur when the vortex lattice
where the transition becomes second order. melts into a liquid, as observed in layered hi§heuprates

In Fig. 3, several curves of the relative shift of the FLL and amorphous thin film¥. However we can completely
contribution Av,/v, below Hc, are shown as a function of rule out this scenario, because the entropy associated with
temperature. As the temperature is lowered below the transihe transition reported in Refs. 14 and 15kg2@er vortex
tion temperature in magnetic fiel@,(H), Av/v, starts to line segment of lengtld, is significantly larger than that ex-
increase. At fields of 9.5 T and highekp,/v; changes its pected for vortex lattice melting. In addition, flux pinning
slope with a distinct cusp &, as marked by the arrows, vanishes at a FLL melting transition, causidg,/v, to
while at H=8.5 T, no anomaly is observed. Obviously,  abruptly drop to zero, at odds with the experimental obser-
separates two different vortex states with different transverseation. A second possibility is a FLL order-disorder transi-
sound velocitiesAv,/v; below T is smaller than thé\v,/v,  tion in the presence of pinning. However, this should be
extrapolated from abov@ . This indicates a marked de- accompanied by an abrujstcreaseof the measured critical
crease of FLL coupling to the crystal lattice beldWw. The  current and of the ultrasound velocity, whereas the present
anomaly in the ultrasound velocity was not easily resolveddata show adecreaseSuch an effect has been discussed in
when the magnetic field was swept, because it occurs in thihe light of a possible FFLO state in CeRand UPgAI ;.2°
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Third, one can hypothesize that the nature of FLL pinningThis is remarkably close to the modulation/Zq|
changes above the transition. For instance, new pinning cemr(m./m’)(hk=/eB)=3.5x 108 m expected for the order pa-
ters, such as localized spins, could be induced by the transiameter structure associated with the formation of the FFLO
tion, or the vortex core structure may change. However, thistate proposed by Refs. 5¢the Fermi wave vectok:~8
would also lead to an increase &v,/v; non-Lorentz mode. X 10° m™Y). In the FFLO state, the order parameter performs
Finally, it may be that the FLL undergoes a symmetryone-dimensional spatial modulations with a wavelength of
change, e.g., from hexagonal to square, with a concomitarthe order of 2r/|q|, which is comparable td&, along the
lowering of the vortex lattice shear moduldlg and increase magnetic field, forming planar nodes that are periodically
of the pinning force. Such a transition has indeed been obaligned perpendicular to the flux lines. The occurrence of
served in CeColg?! but atugH=0.6 T, much lower than the Pplanar nodes leads to a segmentation of the flux lines. A
fields involved here. schematic figure of this state is shown in Fig. 4. This field-
The failure of all the above scenarios leads us to considdfduced layered structure resembles the vortex state of lay-
the possibility that the anomaly in the FLL pinning force and ered cuprates and organic superconductors in magnetic field
the sound velocity is intimately related to a change of theP€rPendicular to the conducting planes. The segmentation of
quasiparticle structure in the high field SC phase, with vortex lines to a length smaller than the Lark.m Igngth means
reduced electron correlation along the direction of the FLL in hat the vortex part of the ultrasound velocity is now gov-

s : . erned by the pinning of quasi-2D vortex layers with
the high field phase. Starting from the hypothesis of a tran- o
sition 9:‘rom a !?continuous” sguperconducz)pr to one with an:27T/|q|' Note that thedecreaseof Av/v; at the transition

order parameter structure, modulated in the field directionCan only be obtained by the dimensionality change descibed

above, and can only happen followingantinuousincrease
we can understand t_he modes} decreasaugiv,. From th_e of the|q|. A discontinuous increase, or a gradual increase of
critical current density abovd , we deduce the pinning

. : 2 the modulationamplitudewould have resulted in a jump of
strengthW of crystalline defects such as small dlslocatlonAv /v P Jump
X i . Av/vy. _
loops or stacking faults. For a three-dimensional supercon In summary, ultrasound velocity measurements of

Syft(g;,gggz.%h&“'g biz;al\ffl%a;ef&q Iilhz?ni 'rlﬁi?svvogltjg :ﬁ't: CeCaolny in the vicinity of the upper critical fieldH., reveal
o c! ¥ Mo B : an unusual structural transformation of the FLL at the

plies that vortex exc_ursions alongfthe field (/jzirzelrsction aré Corsecond-order phase transition within the SC state. This trans-
related on the Larkin length,c=(Cyy®o/BWH?=1 um. 5000 is most likely characterized by vortex segmenta-
At the transition to the phase with modulated order ParaMgion j.e., as a transition to a quasi-2D state. These results are
eter, the modulation length7|q| starts to decrease. This 5 strong indication that the high-field superconducting state
decrease does not affect the FLL structure andjthentil s e FFLO phase, in which the order parameter is spatially

~ 22 H i i
27/|q|~L/2. At this point, the vortex filt modulus be- oqyated and has planar nodes aligned perpendicular to the
comes irrelevant and the critical current is given by the exg |

pression for a 2D layer of thicknests j2P=W/ ®3?BY%c{ d.
Given the value oW, ng turns out to equal the experimental ~ We thank H. Adachi, R. Ikeda, K. Maki, M. Nohara, H.
value 7x10® A m™2 for a layer thickness of #10®m.  Shimahara, and M. Tachiki for stimulating discussions.
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