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T Dependence of the Magnetic Penetration Depth in Unconventional Superconductors
at Low Temperatures: Can It Be Linear?
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We present a thermodynamics argument against a strictly linear temperature dependence of the
magnetic penetration depth, which applies to superconductors with arbitrary pairing symmetry at low
temperatures. [S0031-9007(98)06210-3]
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Some evidence for an unconventiondk,.-pairing  field B.;, muon spin relaxation. Such techniques of mea-
symmetry in cuprate higliz superconductors is provided suring MPD havebulk character.
by recent angle resolved photoemission experiments [1]. In the following, we present a proof (based on linear
A striking proof for thed,.—,» symmetry of the Cooper response theory), for arbitrary superconductors, that a
pairs in cuprates arises from the observation of a spontastrictly linear7T dependence of MPD at low temperatures
neously generateldalf flux quantunin Josephson tunnel- violates the third law of thermodynamics. For simplicity,
ing experiments carried out on tetracrystal substrates [2]et us consider a uniform system where all properties
Early support for the possibility of @,.—,» symmetry of depend on coordinatas— r’ only. The current-current
the Cooper pairs in cuprate high-superconductors came correlator,
from the observation of Bnear T dependence of the mag- w2
netic penetration depth [3,4] at low temperatufes nk.w) = k* — = eu(k,0), (2)

. AT) = A(0) = T _ (1) ~ connects the vector potentiaA(k,w) to the external
Such a linear dependence of the magnetic penetrationcyrrent;j., (k,w) via

depth (MPD) has atopological origin. If the order parame- 4

ter associated with the Cooper pair condensate vanishes nk,w)Ak ,0) = _Wjext(k,w)~ (3)
along node lines on the Fermi surface the specthyiE) ¢

of quasiparticle excitations in the superconducting phasé turn, the transversal dielectric functior,, (k,w), is
is gapless and varies proportional Boat low excitation related to the electromagnetic kerngl(k,w) by the
energies:N,(E) « E for E < Ama. For this reason a relation

pure d,»—,.-pairing state (node lines alonk, = *k,) 470 (K,w)

should display a stricthlinear dependence of MPD vs ev(kw) =1 — . (4)
T atlow temperatures. In previous work this effect was N : .

also discussed for theolar phase in a triplet pairing The definition of the operator of inverse MPD is then

superconductor, e.g., [5]. — im w_2{1 ~ Rezy(k,0))

New experiments [6] indicate deviations from this lin- A2(K,T) =0 c?
earity of MPD with temperature, for example,78 de- Ao
pendence of MPD below some crossover temperadktire == Ok,w = 0). (5)

was measured. Such a behavior may occur due to vari- i . )
ous reasons. For example, Kosztin and Leggett [7] exIn thestaticcase the additional free energy in the presence

plain this behavior in terms afonlocalelectrodynamics. ©f @n externally controlled current distributige. (k) (we
Their argument is, that in clead._,--pairing supercon- US€ a transversal gauge) can be written in the form [8]:
ductors there existurface inducedionlocal effects, which 1 &Pk,
lead to aT'? dependence of,,(T) — A, (0), as extracted T e [ (27)3 Jext
from optical and microwave expeﬂments with the mag- | P
netic field orientategbarallel to the ¢ direction. On the = —— ] — nk,0 = 0) |A(k,0 = 0)|°. (6)
other hand, in experiments with the magnetic field orien- 8 (2m)

tated perpendicularto the ¢ direction theT dependence By using these relations and Maxwell's equations, it
of MPD cannot be altered by the Kosztin-Leggett effect. follows

(k) - A(=k,0 = 0)

Since the Kosztin-Leggett effect [7] really depends on 1 Bk 1
the existence of aurfacein the problem it cannot be F=- 87 ) @np [ g 220k T)}
applied to other measurement techniques of MPD, for ’
example, direct static magnetic measurements, measure- DL B(k;T) 7
ments of vortex properties, the lower critical magnetic k* '
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Here B(k,T) is the (temperature dependent) inducedFrom this point of view a puré,.»-pairing symmetry in
magnetic field and satisfies the equation: clean high?, superconductors becomes, perhaps, invalid
1 dor for T — 0. A possibility to avoid the paradox of a linear
[kz + 2—:|B(k ;T) = — ik X jo(k). (8) T dependence of MPD fof' — 0 in cuprate supercon-
A*(k,T) ¢ ductors is aphase transitionat a temperatur&,, much
Differentiating Eq. (7) with respect to temperatdreand ~ lower than the transition temperatufg) to a new uncon-
calculating the derivativer B(k ;) from Eq. (8) we get ventional pairing stateithoutnodes on the Fermi surface

an expression for the entropy: [11’1_2]-
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