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Modulated vortex lattice in high fields and gap nodes

Ryusuke Ikedhand Hiroto AdacHi
IDepartment of Physics, Kyoto University, Kyoto 606-8502, Japan
’Department of Physics, Okayama University, Okayama 700-8530, Japan
(Received 15 March 2004; published 21 June 2004

The mean field vortex phase diagram of a quasi-two-dimensional superconductor with adnoaiad
pairing and with strong Pauli spin depairing is studied in the parallel field case in order to examine the effect
of gap nodes on the stability of a Fulde-Ferrell-Larkin-Ovchinnik@vFLO-) like vortex lattice. We find
through a heuristic argument and a model calculation with a fourfold anisotropic Fermi surface that the
FFLO-like state is relatively suppressed as the field approaches a nodal direction. When taking account of
available experimental results together, the present result strongly suggests that the pairing symmetry of
CeColn; should be ofd,, type.
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In a recent papér(denoted as | hereafierwe examined found in specific hediand magnetizatidd data for CeColg
the vortex phase diagram of quasi-two-dimensiof@2D)  The observed FFLO curve H|[[110] lies at higher tempera-
type Il superconductors with strong Pauli paramagnetiyres than that irHlI[100]. This Hge o anisotropy is much

(spin) depairing by focusing on thllic case with a field 1516 remarkabféethan that ofH(T) and may give decisive
perpendicular to the superconducting layers. In contrast tg

earlier work-® taking account of both the orbital and spin ||_1formation about the fourfold ani_sotropy of the gap fu_nc-
depairing effects of the magnetic field in the clean limit, thelloN: AS long as thén-plane Fermi velocity anisotropy is
orbital depairing was incorporated fully amwbnperturba- negligible, it is heuristically predicted by the following
tively there! and two results opposite to those suggestecsimple argument that a gap anisotropy results i o
previously were found. First of all, the mean fieldF)  anisotropy: Near the gap nodes where the superconducting
transition at theH(T) line changes from the familiar gap Ay is small, the coherence length =7%uvg/ Ay defined
second-order one to a first-ordéMF-FOT) oné*6 at a locally in thek space is longel® The orbital limiting field
higher temperatureT” than the region in which a Fulde- How(0) is inversely proportional to the square of the aver-
Ferrell-Larkin-Ovchinnikov{FFLO-) like”® modulatedvor- ~ aged coherence length in the plane perpendiculdf tand
tex latticemay appear. This feature is consistent with data fohence is minimal whe# is directed along the fourfold sym-
CeColn in Hllc.4-%9Second, @econd-ordetransition curve  metric gap nodegor minima). Since a higheH,,, will lead
Her o T) between such a FFLO-like and ordinary vortex lat-to a relatively stronger effect of spin depairing, the FFLO
tices remarkablylecreasesipon cooling. Interestingly, these curve andT", induced by the spin depairing, are expected to
two results are also consistent with more recent data folie at higher temperatures whet is located along a gap
CeColn, suggesting a structural transition to a FFLO statemaximum. If we compare the expectédf o anisotropy
in H L c.912 A recent ultrasound measurem®rdlso shows With the observatiorfs?in CeColn, we inevitably reach the
that the suggested FFLO state is, as we argued in |, a kind gfonclusion that, in agreement not with the original argurhent
vortex lattice. However, it should be further examined theo-favoring ad,2_,2 pairing just as in highF; cuprates but with
retically whether this qualitative agreement with the data ina recent report on lowt specific heat dat#, a node(or
H 1 c is justified or not. minimum) of the gap function of CeColnis located along
In this paper, the results of the application of the analysighe [100] direction, implying ad,, pairing state. Below, we
in 1 to a model for theH L ¢ case are reported. By including Wwill show how this conclusion is reinforced through a micro-
the contributions, neglected in previous waérk,from the  scopic derivation oHgr o(T) taking account of a possible
non-Gaussiar(|A(r)|* and |A(r)|®) terms of the Ginzburg- in-plane fourfold anisotropy of the Fermi surfadeS). The
Landau(GL) free energy to the spatial gradient paralleHp  present result might require a serious change in the picture of
whereA(r) is the pair field, we find that the relative position the pairing mechanism of CeCalbased upon similarities of
betweenT" and theHgr o line is qualitatively the same as in the normal state properties, including the presence of antifer-
the Hlic casé as long as a spin depairing strength realistic infomagnetic fluctuation, to the highs cuprates?
bulk superconductors is used; and that, at least close to First, let us sketch an outline of the MF analydisr Hilc.
HerLo the LO staté® with periodic nodal planes perpendicu- Throughout this paper, we assurhie=HXx and thed-wave
lar to H of |Alis more stable than the FF statfeomposed of ~gap functionw,=v2 cog2¢) or v2 sin(2¢), where ¢ is the
a phase modulation keeping| fixed. azimuthal angle in the-b plane. Within the lowestN=0)
Special attention is paid in this paper to the noticeabld.andau level(LL), the GL free energy density in the MF
in-plane angular dependence of the FFLO cubyg, o(T) approximation takes the form
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V contribution to ¢, is quantitatively negligible, while the
FwF= N(O)[%(meg)F) + QQAQ)W HeeLo line is pushed down by the correspondivig contri-
bution to a lower-temperature region in whiéh, and the
+ V6(Q)<|A(o>|e>] vortex state just below it are described by Mel LL. Thus,
3 Q at least within the weak-coupling BCS model, a FFLO state

_ 5 4 in Hlc rarely occurs because suciNa&1 LL vortex lattice
=Co+CQ7+C,Q% (D' has no FFLO-like modulatiohWe guess that a slight spe-

The essential part of the MF analysis in | is to derive thecific heat anomaf/in CeColry in Hllc at low enough tem-
coefficients ag, Va4, Vg, Cp, andc, by starting from the weak- Peratures may be rather due to a transition between straight
coupling BCS model with a ZeemaiPauli paramagnetjc  Vortex lattices in theN=0 andN=1 LLs. A detailed study of
term. Here,N(0) is the averaged density of staté30S) this transition into arN=1 LL state will be reported else-
at the Fermi level, and) is the spatial average onandz. ~ Where. o
A(r) was expanded in terms of the LLs aA(r) Now, let us turn to théd L c case. Although, in principle,
— (N) : the above analysis can be extended to a Q2D system with a
at?gv;g Ago(ry’ tzr)ng(l)_()O, (z;\:rg tg; tz|gSe(rX)LLtzkv(\e/:rethr;egflg::r;ed cylindrical FS undeH perpendicular to the cylindrical axis,

. y Q

. . . . we have chosen to work in an elliptic FS elongated along the
coqQx) [expiQx)]. A Q2D FS with a circular form in the (I axis and with the dis : :
. ) . persion relationgy
y-z plane was assumed, although in-plane anisotropy WI||Z_ 2% ~21,2 1 (o7 o .
conveniently be included as thg dependence of the Fermi =12y Y K /(2m) underHix in order to_m_allfze numer
velocity and DOS[see Eq.(5) below]. For an example, cal calculations more tractable, wheye=7,=y =", and,

. ; . X . =y with y=1 and a constarh. We expect the case with a
S(z)a(r(gl)rnlzt,e?fitre]trez’ragog?(;:rgstggj |S;/egrals and introducing a moderately largey value toqualitatively describe essential

features in the realistic Q2D case. By isotropizing kheec-

X 1 *  coq2ugHp) tor ask; =y;kgf;, wheref =(cos ¢ sin 6,sin ¢ sin 6,cos6) is
N(0)ag(Q) = { ug(x) o ZWTJO P Sinh2aTp) the unit vector in spherical coordinates, the velowityn the

FS is written as v;=y'vefj. The  Jacobian

O _: \Vy sirf6+y 2 cosd accompanying the angular integral
Xg™(p,=id) Jug®) ) (2 along the FS is exactly canceled by the angular dependence
X of the DOSN(6)=N(0)ve/+Z; v}. Again, thein-plane(four-
where(), denotes the spatial average xnuqH is the Zee-  fold) anisotropy of the FS will first be neglected. Then, the
man energy, antN(0)|g| is the dimensionless pairing inter- GL free energy within th&l=0 LL takes the form of Eg(1),
action strength. The functiog®(p,-id,) has the form and the functioy@(p, —id,) appearing iray(Q) [see Eq(3)]

) ) is replaced in the present case by
9%p,~id) = N(0)exp(- p2E/4rg)cos~ ipvedy), (3)

wherer,, is the magnetic length ang- the Fermi velocity. a\%(p,— i3y :J SmiﬂﬁN(Oﬂw(Azexq— pPv5 A7)

The extensioray of ag to theNth LL is given by multiplying ™

Eq. (3) by EN(p2v§/2rﬁ), if just terms diagonal with respect X cog~ ipvydy), (4)

to the LLs are kept, wherg(x) the Nth Laguerre polyno-

mial. The coefficient&/,(Q) andVy(Q) are derived in a simi-  WherevZ, =7y "vj+y7 'v}. The paramete®; is insensitive

lar manner to above. The coefficiemtsandc, arise from the 0 the uniaxial anisotropy but dependent ol and needs to

Q dependences af,, V,, and V. be determined by maximizingl.,(T). By focusing on the
The onsetT" of the MF-FOT atH, is determined by low-T region, we find thaly takes a value between 0.4 and

V4(0)=0 irrespective of the details of higher-order non- 0.5 depending on the relative angle betwéeand the near-

Gaussian terms of the GL free energy, whiter o(T) is €St nodal direction. Using this parameter, the anisotropy in

defined byc,=0 under the condition,> 0. We have verified ~SPatial variations ofA(r) within the y-z plane is given by

that the latter condition is always satisfied throughout theY/ 7. Except for the modifications indicated above, the cor-

computations in the present work, so that the resultingesponding quartic and sixth-order terms of the GL free en-

Hero(T) is a second-order transition line. If the effective €rgy are derlve(d By closely following the analysis in I. We

strength of spin depairingoHZ/ (2mksTeo) is of order unity ~ chooseq;=uoH ;"' (0)/kgTeo as @ measure of the spin de-

or larger, a phase diagram derived numerically in this mannepairing strength irH L ¢, whereH-"(0) is the orbital lim-

includes anHgg o(T) line decreasing upon cooling, where iting field in the isotropic case.

woH is the Zeeman energy, ardf? is the orbital limiting In Fig. 1, the resulting phase diagram is shown to illus-

field in the 2D limit. In Ref. 1 where th¥, andV; contri-  trate how theHgg o(T) position depends upon the relative

butions toc, were neglected, the LO and FF states had theangle betweeitd and the nodal directions. Thin solidhain)

sameHgg o line, while we find that the instability of the curves are defined bgy(0)=0, and theH(T) in T>T in

straight vortex lattice leading to the LO vortex stfteccurs  each case is given by eaah(0)=0 line. In agreement with

at a slightly higher tempeature than that to the FF state. the heuristic argument given earligflr o(T) and T* are

Hence, at least close tdrr o(T), the LO state becomes the shifted to higher temperatures as the in-plane field is directed

ground state iHgr o<H<H,,. Further, we find that th&¥s  along a gap maximum, reflecting an enhanced spin depairing
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FIG. 1. H-T mean field phase diagram obtained usjrg3 and 0.26

with no in-plane FS anisotropy. The transition or crossover posi-
tions inHIl gap maximum(|l gap node or minimupare expressed 0.24}
by the solid curves and filled circlghain curves and open cirgle o
The dotted curve and open triangle denote, respectively, the MF-—~"

— 3
FOT line and the position at which the two solid curnagg0)=0 in I -8 022
N=0 and 1 merge with each other. Zo

0.20
in this field configuration. As irHlic, the FFLO state at least ~

close toHgg o has the LO-like variation. By combining our 43

numerical calculations with an analytical calculation with the

orbital depairing perturbatively included, we have verified

that such an in-plankl-g, o anisotropy is absent without the

orbital depairing(i.e., when ;=) and monotonicallyin-

creases with decreasing. In contrast, it is not easy to prop- T / Teo

erly predict the corresponding anisotrog-plane angular

dependenoeof the He,(T) curve. First, the depression Bif, FIG. 2. Results corresponding to Fig. 1 in the ca&ms(|A|

due to the spin depairing is larger as the corresponding0.2 and(b) (|3|=0.1) defined in the text.

Hop(0) is higher, and hence th¢., magnitude may not have

a monotonice; dependence. Second, the MF-FOT line of -

H, is directly getermined by the details of the non-Gaussian vr = Ur(¢) =vel1+ 4 codag)], ®

terms other than the quartic one in thé Gee energyand  where |B/<1, accompanied by the replacemeit(0)

hence is quantitatively affected by our assumption of keeping= N(O)vg/ve(¢) in any angular integrdisee Eq(4)]. Apart

the non-Gaussian terms only up|thl® in Eq. (1). Actually,  from these replacements in our calculation, the derivation of

the rapid increase of the MF-FOT line on coolijugt below  phase diagrams is quite the same as that of Fig. 1. When

T arises due to an extremely smay(0) nearT" and might ~ 8>0(<0), the Fermi velocity becomes maxim@hinimal)

flatten if we could numerically include the|® and higher- alongX. By combining these two cases with the two candi-

order terms. In contrast, theg contribution toc, [i.e., to  datesy2 co$2¢) and V2 sin2¢) for w,, we have four dif-

Hero(T)] was negligible, as in thEllic case, consistent with ferent cases of the relative anisotropies under a fixdékl

the smallness o¥(0) mentioned above. We expect that the We  will classify them into two categories(a) w,,

Hero(T) curve is less sensitive to the neglect of thé and =\2 co:{qu) with 8<0 andw,= V2 sin(2¢) with 5>0, and

higher-order GL terms. For these reasons, we will focugb) w,= V2 cog2¢) with B>0 and W, = V2sin(2¢) with

hereafter oriT” and Heg o, Which directly measure théef-  8<0. This classification is motivated by the res@ithat, in

fective) spin depairing strength. The resulting anisotropies ofthe categorya), the Fermi velocity anisotropy and the pair-

T and Hge o in Fig. 1 qualitatively agree with those of ing anisotropy favor two different orientations, competing

CeColn; in®12H L ¢ if a gap nodeor minimum) is located  with each other, of the square vortex lattices to be realized in

along[10(Q]. As already mentioned, the MF-FOT line in the fourfold anisotropicd-wave superconductors iHlic, while

N=0 LL needs to lie above the correspondiag0)=0 line  such a competition does not occur (o). In Fig. 2, the re-

in order forHgg o(T) to be realized as a transition line. As sulting phase diagrams for the categori@s and (b) are

Fig. 1 shows, this condition manages to be satisfied, in congiven. In the caséa), the angular dependenceshfr, o and

trast to theHllc case. T are weakened by the FS anisotropy compared with those
In order to examine how the result in Fig. 1 is affected byin Fig. 1, while the opposite tendency is seen in the ¢bse

thein-planeFS anisotropy, let us next introduce it as a FermiThis result can be understood by noting that the orbital de-

velocity anisotropy in a similar manner to Ref. 16: pairing strength locally in thé& space is measured in the

0.18}

0.16

0 0.1 0.2 03 0.4 0.5 0.6
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present case by; in Eq. (4) (note that, in the 2D limity? is
absent there By focusing on the case witH parallel to a
gap node and notingw,|® in the integrand of Eq(4), one
will notice that a nonzerd3| tends to increas@ecreasgthe
contributions ofvf,, on average, whe<0(B8>0). Thus, an
enhanced orbital depairing i parallel to a node of cagb)

FS anisotropy competitive iillic with the gap anisotropy
[i.e., of the caséa)] is needed for quantitative understanding.
In conclusion, the mean field phase diagram of a type Il
superconductor with strong Pauli paramagnetic depairing
and with a fourfold symmetricl-wave pairing was qualita-

dditionally reduces! that the diff bet h tively studied in the parallel field case. The region in which
adartionally reéducesigr, o SO that the difference between the . o) 5 yortex phase appears is enlarged when the in-plane
two cases in Fig. 2 follows. Bearing in mind the general

character of this interpretation, we believe that the results ié'eld is directed along a gap maximum. This result is rein-

Fig. 2 would not be qualitatively changed by a refinement of©rced by including in-plane FS anisotropies and strongly
the microscopic description. suggests d,, pairing as the best candidate for the gap func-

The above results commonly show ldpg o(T) line shift-  tion of CeColn in spite of the electronic similaritiésto that
ing to higher temperatures as the in-plane field approachesa high-T, cuprates. A reinterpretation of thermal conductiv-
gap maximum and, compared with the data for CeG®lR ity data by Izawaet al# can be seen in Ref. 14. The present
imply a d,, state as the pairing state of this material. Al- theory should be applicable to examining the pairing state of
though one might consider the possibility df._» pairing  other materials, such as organic mate¥faf showing a re-
based on the fact that an extremely strong FS anisotropy imarkable Pauli paramagnetic depairing.
the casg@ may reverse the anisotropies f and Hgg o,
such a strong FS anisotropy of the CaﬁpShOUkj resulf in We thank Y. Matsuda, K. Machida, T. Sakakibara, and T.
a square vortex lattice with an orientation due to the FSTayama for informative discussions. The present work is
anisotropy and hence contradicts not only the specific hestupported by the Grant-in-Aid for the 21st Century COE
datd* but the observed orientatibfof the Hllc square vortex  “Center for Diversity and Universality in Physics” from the
lattice. Therefore, inclusion of the FS anisotrogynforces  Ministry of Education, Culture, Sports, Science, and Tech-
our conclusion favoring al,, pairing, although a moderate nology (MEXT) of Japan.
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