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We report penetration depth and resistivity measurements on the heavy fermion superconductog CeColn
using a self-resonant tank circuit based on a tunnel diode oscillator. For magnetic fields applied near parallel to
the ab planes and temperatures below 250 mK, two phase transitions were found. The lower field transition,
within the superconducting state, is of a second order and we identify it as the transition from the ordinary
vortex state to the Fulde, Ferrell, Larkin, Ovchinnik@#LO) state. The higher field transition marks the
change from the FFLO to the normal state. This higher field transitigs),is of first order up to 900 mK, the
highest temperature measured. Our normal-state resistivity measurements at temperatures between 100 and 900
mK suggest that the FFLO state is related to the change of the quasiparticle interaction s&gngth,
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In 1964, Fulde and Ferréland Larkin and Ovchinnikdy  parameters for this ratio, particuladyp, are difficult to mea-
predicted that in a purely Pauli limited superconductor, thesure. From magnetization studies of the critical fiefdit is
magnetic field acting on the Cooper pair’s spin can inducelear that, when the magnetic field is applied parallel to the
pairs with nonzero total momentum and, consequently, a spab planes(the ab planes are perpendicular to the01] di-
tially modulated order parameter. This so-called Fulde, Ferrectior) at low temperatureH, is a first-order transition,
rell, Larkin, Ovchinnikov(FFLO) state can lead to an en- indicating that CeColsis in the Pauli limit. We have calcu-
hancement of the critical field up to 2.5 times the Paulijated the Pauli limit for CeColn by using a theory-
paramagnetic limi{Hp).?> We have made penetration depth independent method;?° that requires use of Wilson’s
measurements suggesting that the FFLO state exists in thatio2! The basis of the calculation is that the condensation
heavy fermion superconductor CeCgln energy, U,, is related to both the specific heat via the

Orbital effects are reduced in heavy fermion matelitlls specific-heat jump, and the binding energy of the Cooper
because their very low Fermi velocitlarge effective mags  pairs via
decreases the orbital magnetic-field coupling. Orbital effects
can be further reduced in anisotropic superconductors by Mo o
careful orientation of the applied magnetic field, although the Ue= ?XSH ' 1)
FFLO state may exist even in the presence of weak orbital
effects? There is a growing interest in the theoretical studywhere y, is the Pauli paramagnetic susceptibility. We pro-
of this more realistic case}'® and special interest in aniso- pose that the jump in the measured specific heat can be in-
tropic quasi-two-dimensionalquasi-2D>¢8-1°and d-wave  tegrated from the superconducting transition to zero tempera-
superconductord®1? such as CeColp Unambiguous ex- ture as an estimate of the condensation energy of the
perimental evidence for the formation of the FFLO state hasuperconducting state, and, using the measured susceptibil-
been reported only very recentfyfrom specific heat and ity, Hp can be calculated. Although the specific heat leads to
magnetization measurements on CeGoMore recently, a a good measure of the condensation energy, the susceptibility
paper was published by Bianclet al, that supports this measures the Pauli susceptibility plus unwanted terms such
claim® Most of the previous experimental results onas the Landau diamagnetism and inner-core electrons. One
CeColny(T,=2.3 K)* are in good agreement with the theo- way to isolate the Pauli susceptibility is to use the Sommer-
retical criteria for observing the FFLO state. It has beenfeld constanty to estimatey, through the use of Wilson's
shown that the orbital pair breaking effect has to be small oratio. The difficulty with this method is that the Landg
completely absent, as measured by the Maki parameter factoP! needs to be measured to find Wilson’s ratio, and we
=V2(H%/Hp) (Ref. 15, where HY, is the orbital critical are unaware of any direct measurementgydh CeColn.
field,! to favor the FFLO state. This yielde= 1.8 accord- However, Woret al?2 have recently published a critical-field
ing to Ref. 4, although this calculation was partially based orcalculation, which they fit to critical-field data withas one
the BCS theory and may not apply to nemwvave supercon- of the few free parameters. In this paper they foumd
ductors. A number of groups have calculaied®'® but the  =0.64 in the parallel orientation and 1.5 in the perpendicular
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orientation. Using data foy, AC, andH(0) (H(C)z”=31.5 T

and HY, =12.5 T),”>1417we calculated the Pauli limit in
CeColnyto be 7.3 and 4.8 T, yielding=6.1 and 3.7 wheB

is parallel and perpendicular to ttad planes, respectively.
Higher values ofHp can be justified if CeColpis not a &
Fermi liquid as is discussed below. These Pauli limits show &
that withH perpendicular to thab planes, where the critical §
field was found to be 5.0 H,, is near the Pauli limit, butin =~
the orientation withH along theab planesH,, is above the 10
Pauli limit, consistent with an FFLO state.

The enhancement of the upper critical field in the FFLO
state can be particularly substantial for a 2D super-
conductof* and de Haas-van Alphen data on CeGairdi- 0
cate a pronounced quasi-2D Fermi surf&& Specific-heat
data® and thermal-conductivity measuremeftspggest the 1oH(T)
presence of nodes in the superconducting gap, which is im-
portant to characterize the FFLO stafet' Another require- :
ment for the FFLO state is that the superconductor be in thgIfferent temperatures forl perpendicular to th@b plan_es. The
cleanlimit, 1> ¢, wherel is the mean-free path of the quasi- O SWeeps above 800 mK do not feature a clear jump in frequency
particles andt is the superconducting coherence length. With2t Hez: The inset displays thelc, vs temperature for this orienta-
=810 A andé<58 A based on Refs. 23 and 17, CeGpln tion. The_ filled dlamonds_ represent our de_tta, and the open dia-
meets this requirement. monds, circles, and bowties are magnetization data from Ref. 17.

We present tunnel diode oscillat6FDO) measurements
on CeColg to fields of 18 T, at different orientations and  Figure 2 shows the relative change in frequency with
temperatures between 60 and 900 mK. The TDO is a selfnagnetic field when the field is applied parallel to thie
resonant tank circuit, where the sample is placed in the coiplanes. In this orientation the contribution to the penetration
with the ab planes perpendicular to the ac magnetic f@8ld. depth due to the vortices is minimized in accordance with
In this orientation, the penetration depth is measured paralléheory® and as is evidenced by the linear penetration low
to theab planes. Crystal platelets of CeCglwith approxi-  temperatures. As can be seen in Fig. 2, there is a lower field
mate dimensions of 1.0-mm diax0.1-mm thick and 0.3 Kkink, or continuous transition reflected by the change of the
-mm diamx 0.1-mm thick were placed in a 1.33-mm and aslope of the penetration depth versus field, followed by a
0.35-mm diam coil, respectively. Details of the samplesharp jump at higher field. We assign the kink, a second-
growth and characterization can be found in Ref. 14. A therorder transition, to the ordinary vortex st&is)-FFLO tran-
mometer was placed on the rotating platform so that we weré&ition and the upper transition, which is first order, to the
able to account for the dc power added by the TDO circuitFFLO-normal-state  transition. Theoreticall}* unlike
The data reported in this article comes from the large samp|@riginally predicted, the transition at the lower critical field
where the resonant frequency of the circuit at 80 mK wagould be of second order, as seen in our data. Abbve
=189 MHz. The smaller sample and coil at 1.2 GHz yielded= 250 mK, the second-order transition is no longer present.
similar results. For a TDO experiment, the relative change infhe data shows only the first-order phase transition up to the
the resonant frequency is proportional to the change in the
penetration deptHAf/fo=7n(AN/\g)]. Obtaining absolute : ! — ' 890 mK
values of the penetration requires a careful calculation of the 04r "
constanty, which depends on the coil and sample geometries
and the demagnetization factor. We did not calibrate the sys-
tem for obtaining absolute values, but we measured and sub- .
tracted the influence of the background by running the sys- 05 | - 233 mk]
tem both with and without the sample. In the normal state,
the penetration is limited by the skin depth \‘5;), and we
were able to measure the change in resistivity with magnetic
field and temperature.

OurH-T phase diagram for the field applied perpendicular
to theab planes is in very good agreement with the magne-
tization datd’ as is shown in Fig. 1. Analysis of our data
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FIG. 1. The relative change in frequency with magnetic field at

- =+ Background
—— Af/f, - Background 500 mK

3
10° ATE,
%
N
3
b

30.0

shows that this transition changes from first to second order 0 5 1oH(T) 10
between 425 and 815 mK, where we no longer observed a
sharp jump in the TDO frequency Bi,, which is similar to FIG. 2. The relative change in frequency with magnetic field at

other experiment¥>1” To the lowest temperature measured, different temperatures fdt//ab planes. The dotted line in the main
we do not see evidence for the FFLO state in the perpendicudigure shows the trend set by the London penetration depth. The
lar direction, although we note that the shape of the 62.7-mHKnset shows the raw data at 83.6 mK, and the influence of the empty
sweep is different than the higher temperature sweeps.  coil background.
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FIG. 4. The penetration depth as a function of magnetic field
applied at different angles with respect to titeplanes. The FFLO

o . ! - ) transition goes away due to increasing orbital effects, however, the
monds, the FFLO transition from the point of inflectigequilateral - g, orconducting to normal-state transition remains first order, as
triangleg, and the FFLO from the position of thénk (squarey also was found in Refs. 17 and 12.

Open symbols are data from other studies: specific heat from Ref.
12 (circles and dotted circlgsand magnetizationfRef. 19 (dia-
mondg and (Ref. 18 (squares

FIG. 3. Critical field as a function of temperature fdr /ab.
The filled symbols represent our data: the upper critical fidld-

measured by specific-heat désae Fig. 3.1% Given that\” is
monotonic and has no zero crossings when the angle is
greater than 15{see Fig. 4 or the temperature is greater
than 250 mK, and that the change in the slope of the pen-
perconductor with a large’ parameter, below 0.58, albeit etration' depth is co'nsistent with an oscillating order param-
for the dirty limit.25 eter, this data provides clear evidence of an FFLO state in
The distinguishing feature of the FFLO state is that theC€COIR: _ _ _ _
sign of the order parameter alternates spatially, either sinu- AS We have mentioned, the large jump in penetration
soidally or more abruptly as the magnetic field approachegepth that we associate with the f|r§t-order upper critical field
the FFLO-normal-state phase lif#&*°The penetration depth, matches very well with data previously obtained by other

which is a function of the order parametet\ «1/|y{ and te_cr?mques, as seen in Fig. SH Yﬁt,_aﬁ Caflnhbef_seendm Fig. 2,
«1/yny), is sensitive to the density of superconducting elecWIth Increasing te;ngqer_ature,t e ﬁlg to the |rr]st-or ertran-
trons, n.. If the order parameter oscillates and is no longe Ition increases. This increase Is due to the change In resis-

uniform, then the average density of superconducting e|ect_ivity of the normal state. By measuring the relative change

trons will be less and the penetration depth will increase. Ad" frequency with temperature, at a field B&12 T parallel

a model we calculated the change in penetration if the ordd theab planes, we were able to observe the relative change
parameter started as a square wave at the VS-FFLO trand]! esistivity in the field-induced normal sta(gig. 5. For

tion with the same amplitude as the VS state, to a sine waviEmperatures below~ 300 mK a variable power-law fit of

at the FFLO-normal-state transition, based on Ref. 30. Thi'€ data yields a power of 1.92 which is close to 2, the value

result was that the penetration depth should increase by 20§gPected for a Fermi liquidFL). In contrast, the two points

beyond the trend that already exists in the VS. This is venfit Nigher temperature depart from the power-law curve, in-
close to what we measure, as shown in Fig. 2. It is importanﬁ'cat'_ng a_change in the behavior of the system to a non-
to mention that the VS-FFLO transition occurs within the " €™ liquid (NFL). We are aware of very recent similar
superconducting state where resistance measurements, of
course, cannot see any signal change. 30 ,

In Ref. 12 the FFLO state has been observed uf to / o
~350 mK andBgr, o is almost 1-T higher than the values we
obtain. One possible explanation for the difference in the
position of the VS-FFLO transition may be that the penetra-
tion depth and the specific heat measure different aspects of
the VS-FFLO phase transition. To try and understand this
discrepancy, we have calculated the second derivative of the
penetration depth with respect to the fiall We see a peak -
in \" corresponding to the point of maximum curvature or
the obvious kink in the penetration depth measurement near
9.5 T. The second easily identifiable featurexinis where it
crosses zero, signifying an inflection point. The zero\bf FIG. 5. Change in behavior of the normal-state resistivity with
corresponds to the end of the second-order transition as me@mperature at 12 T. The change suggests FL to NFL behavior as the
sured by the TDO, and this point matches the transition agemperature is increased. The lines are power law and linear fits.

dilution refrigerator limit of 900 mK, as seen in Fig. 2. This
first-order transition was predicted by Maki for a type-Il su-
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results obtained from a direct measurement of thenetic susceptibility of the Fermi-liquid syste(y.= x.0/(1
resistivity’? and the Sommerfeld constap® (Other pen-  +F32), wherey, is the normal-fluid susceptibliligy'* Accord-
etration depth studies have also found evidence for NFL beng to Burkhardt? asF2 becomes smaller, the FFLO state is
havior, but at zero magnetic fiétf®). At 5.5 T with the field  staple over a smaller temperature and field range and disap-
perpendicular to thab planes we only see a linear depen- pears forF3<-0.5. It is interesting to note thatl +F3)~
dence of the resistivity indicating NFL behavior. This result—r \wiison’s ratio. Although the absolute value Bfis un-

is consistent with Refs. 32 and 33, where the crossover 0 Fljear pecause of the problems of isolating the electron para-
behavior is ob'_served above 7 T. This change in behav'oﬁwagnetic susceptibility, as mentioned above, beldw
leads us to believe that the same parameter may be respony | _is constant ang increases and thus the trend is for

sible for the suppression of the FFLO state at higher temg ( decrease, which, consistent with Burkhart, stabilizes the
peraturesand for the change in resistivity behavior. The co- £ O state.

efficientF§, which measures the interaction strength between

quasiparticles, could be this parameter. A larger positive We would like to acknowledge R. McKenzie and N. For-
value of F§, and therefore a stronger electron-electron intertune for helpful discussions. Funding for this project came
action, results in aT? variation of resistivity with from the NHMFL In House Research and Visiting Scientist
temperaturé® and at the same time increases the range oPrograms. The NHMFL is supported by the NSBMR-
stability of the FFLO state by lowering the Pauli paramag-0084173 and the State of Florida.
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