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Angle dependent magnetothermal conductivity experiments on CeColns indicate that this compound is a
d2_ ,2-wave superconductor. In this study, the low-temperature behavior of the upper critical field is measured

in a single crystal of CeColng along the directions Hl|la and HJ|c. The data are compared with model calcu-
lations of the upper critical field in a d,2_ ,»-wave superconductor. It is found that the observed H,(T) along
I:IHE is consistent with a Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state at low temperatures, 7<<0.7 K,
whereas for I:IHE the FFLO state appears to be absent in CeColns. Furthermore, it is predicted that the
quasiparticle density of states in the FFLO state exhibits a complex peak structure which should be observable

by scanning tunneling microscopy.
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I. INTRODUCTION

Recent measurements on CeColns have led to a renewed
discussion of a possible high-field Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state in unconventional
superconductors.? In this state, the coupling of the magnetic
field to the quasiparticle spins dominates over the orbital
coupling, leading to pairing between exchange-split Fermi
surfaces, and hence to a spatially nonuniform superconduct-
ing order parameter. For conventional superconductors, its
realization appears to be practically impossible because of
two reasons. First, the sample quality has to be in the super-
clean limit, i.e., the quasiparticle mean path needs to be
much larger than the coherence length. Second, the
Ginzburg-Landau parameter «, measuring the ratio of the
magnetic penetration depth versus the superconducting co-
herence length, should be very large, i.e., k>10.

The recent synthesis of quasi-two-dimensional(quasi-2D)
nodal superconductors, such as the high-7', cuprates, the
k-(ET), salts, and CeColns has changed this situation dra-
matically. It appears that the above two conditions can be
met in high-quality single crystal samples of these
compounds.*® These systems are quasi-two-dimensional,
leading to a large Ginzburg-Landau parameter in a planar
magnetic field. Furthermore, unlike in the conventional
s-wave superconductors, the stability region of the FFLO
state is much more extended in d,2_ 2-wave superconductors
compared to conventional ones.>*

Indications for possible FFLO states in organic supercon-
ductors were already reported in A-(BETS),GaCly,
\-(BEDTS),FeCl,, and x-(BEDT-TTF),Cu(NCS),.” "' In
the first compound, a kink in the thermal conductivity points
to a transition from a FFLO state to a vortex lattice. In the
last material a similar feature in the magnetization was iden-
tified. Moreover, recent evidence for d,2_ 2-wave order pa-
rameter symmetry was found in x-(BEDT-TTF),Cu(NCS),
by angle dependent magnetothermal conductivity measure-
ments in a rotating magnetic field within the conducting
crystal plane.'!'® Moreover, it was observed that the upper
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PACS number(s): 74.70.Tx, 71.27.+a, 74.20.Rp, 74.25.Fy

critical field H,,(7) in the FFLO regimes decreases quasi-
linearly with temperature, in contrast to the rather weak tem-
perature dependence of H,, in the absence of a FFLO state
as 7—0.

More recently, a new heavy fermion compound, CeColns,
was discovered. This material superconducts below a critical
temperature 7,=2.3 K,'* and it has a layered structure simi-
lar to the high-T',. cuprates. Angle dependent magnetothermal
conductivity experiments indicate d,2_ ,2-wave superconduc-
tivity in this material.'> Furthermore, the temperature depen-

dence of the upper critical field H,,(T) for both H|a and
H ||£ was measured in single crystals of CeColns.'® Tt was

observed that H,,(T) for Hl|la exhibits a quasilinear tem-
perature dependence in the proposed FFLO regime, T
<0.7 K.

In this paper, the upper critical field H.,(7) in a single
crystal of CeColns is determined from thermal expansion
and magnetorestriction measurements with field orientations

Hl|a and H|c. A d,>_ ,2-wave model calculation is used to
explain the temperature dependence of H.,(7) along both
directions, considering the orbital effect and the Pauli term.
In particular, the possibility of a FFLO state is addressed. For

H|c it is found that the temperature dependence of H,,(T)
can be fitted consistently to the experimental data without
invoking a FFLO state. On the other hand, for H|la we ob-
serve that the inclusion of a v (} term arising from a FFLO
state is crucial for a consistent description of the observed
H_,(T) below T=0.7 K. In particular, the quasilinear 7 de-
pendence of H_,(T) at low temperatures can be understood
within this framework, which provides compelling evidence
for a FFLO state in CeColns. In order to further test and
scrutinize this model, we also determine the corresponding
quasiparticle density of states which should be accessible to
scanning tunneling microscopy(STM) experiments.

IL. H,,(T) FOR H|¢

Within the d,2_ 2-wave BCS model, the temperature de-
pendence of the upper critical field along the crystallo-
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FIG. 1. Temperature dependence of (a) the upper critical field
and (b) the admixture parameter C in a d,2_ ,2-wave superconductor
with g factors g=0, 1.5, and 2. The magnetic field is applied along
the crystal ¢ direction.

graphic ¢ direction can be obtained from two coupled inte-
gral equations,'”

—lntzj'm du [1—exp(—pu?)cos(hu)(1+2p*u*C)]
o sinhu ’

(1)
Cl —F du C 2 h i
nt= o Sinhu exp(— pu~)cos(hu) B
16p°u®  2p*u®
+C(1—8pu2+12p2u4— '; + p3 H
2)
where t=T/T,, p=(v2eH)/(8mT?), and h

=(gupH)/(27T). Here it is assumed that the Fermi surface
is approximately cylindrical, and that the wave function of
the Abrikosov state for a d,2_ ,2-wave superconductor can be
expanded as

[¥)=[1+C(a")*]]0), 3)

where the “vacuum” |0) is the Abrikosov state of an s-wave
superconductor, and a' is the raising operator of the Landau
level. In other words, |0) is a combination of the N=0 Lan-
dau states. For d,>_,2-wave superconductors an admixture of
higher Landau states that are allowed by symmetry needs to
be included in order to account for structural changes in the
vortex lattice.'!®

In Fig. 1(a), experimental data of H_,(7T) along the ¢ axis
in CeColns are compared with the numerical solution of Eqs.
(1) and (2), describing a d,2_,2-wave vortex lattice. The
temperature dependence of the upper critical field H,,(T) is
extracted from low-temperature thermal expansion, A/(7,B
=const), and magnetostriction A/(B,T=const) measure-
ments utilizing a high-resolution capacitive dilatometer at
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FIG. 2. Temperature dependence of (a) the upper critical field,
(b) the v -q7 (2H)=p cos ¢ term, and (c) the admixture parameter
Cin a d,2_,2-wave superconductor with g factors g=0.64 (solid
lines) and 2 (dashed lines). Here t=T/T, is the reduced tempera-
ture. In (a) the lower curves represent p(z)=0, i.e., absence of
FFLO, whereas the upper curves have p(r=0)=0.9. The magnetic
field is applied along the crystal a direction. The experimental data
(circles) are best described by g=0.64 and p(1=0)=0.9.

temperatures down to 15 mK and in magnetic fields up to 18
T.2'  For temperatures above T(~0.7 K, the
superconducting-to-normal phase transition is of second or-
der and the H_.,(T) is determined from the midpoint of ide-
alized jumps in JA[/dT and dAl/dB, as shown in Fig. 3 of
Ref. 20. Below T, sharp jumps in A/ are observed upon
crossing H_.,(T), indicative of a first-order phase transition
(cf. Fig. 3 in Ref. 21). The error bars of the so-derived
H_,(T) are smaller than the size of the symbols in Figs. 1(a)
and 2(a). The best fit with a numerical solution of Egs. (1)
and (2) is obtained with v=3.2738X10% cm/sec, and g
=1.5. For comparison, solutions with the same Fermi veloc-
ity v, but g=0 and 2, are also shown. The fit to the experi-
ment appears to be very good in the low-temperature regime
T7<0.7 K. Therefore, there are presently no obvious indica-
tions for a FFLO state in this material by measurements of
H_,(T) along the crystal ¢ direction.

In Fig. 1(b) we show the numerical solution for the ad-
mixture parameter C. Interestingly, for g=1.2, C changes its
sign as the temperature is decreased. Consequently, for g
= 1.5 one finds that the conventional hexagonal vortex lat-
tice, which is stable at high temperatures, may change into a
square vortex for 7/7.<0.3. This transition should be ob-
servable by small angle neutron scattering (SANS) with

H ||E . A similar instability to a square vortex lattice was pre-
viously predicted for the high-7',. cuprates in the vicinity of
H,,."" Both SANS (Ref. 22) and STM (Ref. 23) on the vor-
tex state of yttrium barium copper oxide (YBCO) single
crystals indeed indicate significant deviations from a hexago-
nal towards a square vortex lattice in this compound.”* Fur-
thermore, the above theory was recently extended to lower

180504-2



UPPER CRITICAL FIELD AND FULDE-FERRELL- . ..

magnetic fields.'?*> The predicted square vortex lattice was
observed by SANS in a single crystal of LSCO at H=2 T.?*

III. H,,(T) FOR Hl||a

In order to match the experimental data for H,(7) along

the crystal a axis, we explore the effect of a v- 5 term arising
from the formation of a FFLO state.?” Again, the equations
for the upper critical field can be derived from weak-
coupling d,2_ 2-wave BCS theory. The differences of these
results from the corresponding conventional s-wave super-
conductors are (i) the assumption of a quasi-2D Fermi cylin-
drical Fermi surface, and (ii) the admixture of higher Landau
levels, as was first proposed by Luk’yanchuk and Mineev.?®
Here we have extended this formalism to include (i) the
d,>_2>-wave symmetry of the superconducting order param-
eter, (ii) Pauli paramagnetism, (iii) FFLO pairing, and (iv)
the orbital effect via the ansatz of Gruenberg and Gunther.’
The inclusion of the FFLO state leads to a new set of
coupled integral equations,

1 —foc du 1 212 n(l
ne= | nm 1 (exp(—putls|PeosL (1= p cos §)u]

X[ 1+cos(4¢)]1(1—2pu’s*C))}, (4)

Cl1 —fw du C 2|s]? h(l
nt= 0 sinhu{ <eXp( pu |S| )COS[ (

—pcos P)ul[1+cos(4) ][ pu’s?
+C(1=4pu?s]+2p%us[) ]}, (5)

where s=sin y+isinp, p=(vv.eH)/(87*T?), pcose
=(0-q)/(2h), x=ck,, and (- - -) is the angular average over
¢ and y. Here Juv,.=1.63X10® cm/s is used, and following

Gruenberg and Gunther,”’ we chose g||H||a. In this configu-
ration, the vortex state is represented by

|P)=[1+C(a")?1]0), (6)

where the vacuum |0) is again the Abrikosov state of a
simple s-wave superconductor,” but mixing now occurs with
the N=2 Landau level.

In Fig. 2(a) H,,(7T) is shown for g=0.64 and 2 along
with the measurements of the upper critical field along the a
axis of CeColns. We find that without the FFLO state (p
=(0) one obtains a good fit to the experiment down to T
=0.7 K with g=0.64. However, for 7<<0.7 K the measured
upper critical field is approximately linear in temperature.

This feature can be reproduced by including a v 5 term due
to the FFLO state with p(¢=0)=0.9, ie., the zero-
temperature limit of the FFLO coefficient p() is treated as a
fit parameter. For comparison, we also show results for g
=2 which yield a zero-temperature critical field that is less
than half the value detected in the experiment. In Fig. 2(b)
the temperature dependence of p(¢) is shown for g=0.64
and g=2. From this plot it is clear that the FFLO region
expands as g is increased. In Fig. 2(c) the coefficient C(¢) is
shown. Here we observe that C exhibits a significant tem-
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perature dependence for g=2, whereas for g=0.64 the ad-
mixture is almost negligible.°

Furthermore, let us note that for the purpose of the present
discussion it was assumed that the transition at H=H ., is of
second order. However, a number of experiments on
CeColns indicate a possible first-order transition, and onset
of magnetic order at 7<0.8 K.!>1621:31 At the moment the
nature of this magnetic order is unknown. In case it is a spin
density wave, the condensation energy is expected to be rela-
tively small, and consequently its effect on H,(7) should be
small as well.>>3

Very recently, a second-order phase transition has been
observed inside the vortex state for temperatures 7<0.3 K in
specific-heat®> and ultrasound velocity measurements.*®
This has been suggested to indicate the transition from the
vortex state into the FFLO state. At this transition, a possible
change in the magnetostriction AL(B)/L does not exceed
our noise level of 1078, and therefore is at least 50 times
smaller than the change observed at H,."

Moreover, the reported specific-heat jump at the zero-field
superconducting transition, AC/yT.=4.5, has to be consid-
ered with care, because the normal state specific-heat coeffi-
cient C/T (measured at H=H,) is not constant at 2.2 K, but
strongly increases with decreasing temperature. According to
Ref. 14, it reaches about 1 J/K> mol at 0.1 K. Taking this
value as a lower bound for the normal state y value (as
justified also by the analysis of the entropy) results in a re-
duced jump height of only 1.3. This calls into question
simple estimates of whether CeColns is a strong coupling
superconductor (see also Ref. 14).

IV. QUASIPARTICLE DENSITY OF STATES

Let us conclude this discussion of a possible FFLO state
in CeColns by calculating the shape of the associated quasi-
particle density of states. In the vicinity of H=H, and for

H||a this observable is well approximated by’

N(E)
Ny

- A2 % exp(—u?)cos*(2 ¢)
4w Ei: <Jocdu[EtI:]'(l—pcos¢)_€|s|”]2>’
(7)

where H=(upgH)/2, |s|=sin’(¢)+sin’(x), and e
=\vv.eH. Again, a finite p indicates the presence of a
FFLO state. This quasiparticle density of states as a function
of energy is plotted in Fig. 3. For the parameters, we have
chosen p=0.9 and e/ H=0.2, appropriate for CeColns in the
low-temperature regime 7<0.1 K. The magnetic field is
fixed at a value close to H.,~12 T. In the absence of the
FFLO state [Fig. 3(a)], there are two sharp resonances close
to E=* H, corresponding to the two poles in Eq. (7). In the
presence of the FFLO state, more structure appears in the
spectral response, as shown in Fig. 3(b), with resonances at
E==*H(1=xp). These additional features arise due to the
contribution of the p cos ¢ term in the denominator of Eq.
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FIG. 3. Quasiparticle density of states of a d,2_ 2-wave super-
conductors in a magnetic field (a) in the absence of the FFLO state
(p=0), and (b) in the FFLO state (p=0.9).

(7), and are therefore most pronounced for values of p close
to unity, as it appears to be the case for CeColns at low
temperatures and high fields close to H.,. Precision mea-
surements of this quasiparticle density of states in an applied
magnetic field can thus provide a clear signal for the pres-
ence of FFLO states and the symmetry of the underlying
superconducting order parameter. It should therefore be of
great interest to conduct a scanning tunneling microscope
study of the quasiparticle density of states in CeColns at 7
<0.7 K in order to further scrutinize the proposed FFLO
state.
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V. CONCLUSIONS

In summary, the model calculation in this study incorpo-
rates consistently (i) the d,2_ 2-wave symmetry of the super-
conducting order parameter, (ii) the orbital effect, and (iii) a

v qT term due to the formation of a FFLO state. The model
appears to describe well the observed temperature depen-
dence of the upper critical field in CeColns. Furthermore, it
indicates a significant renormalization of the g factor in this
compound, as well as the presence of a FFLO state at low
temperatures if the applied field has an in-plane component.
In this phase, the quasiparticle density of state is predicted to
have a more complex structure. In order to further scrutinize
the proposed model, it will be interesting to determine fur-
ther relevant properties, such as the specific heat and the
thermal conductivity.
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