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Global trends in the interplane penetration depth of layered superconductors
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We report on generic trends in the behavior of the interlayer penetration Mgpfrseveral different classes
of quasi-two-dimensional superconductors including higheuprates, SRuQ,, transition-metal dichalco-
genides and organic materials of the (BEDT-TJX¥)series. An analysis of these trends reveals two distinct
patterns in the scaling between the values\gfand the magnitude of the-axis dc conductivityoy.: one
realized in the systems with a ground state formed from well-defined quasiparticles, and the other seen in
systems in which the quasiparticles are not well defined. The latter pattern is found primarily in underdoped
cuprates, and indicates a dramatic enhancerfefactor=10) of the energy scal€). associated with the
formation of the condensate compared to the data for conventional materials. We discuss the implication of
these results on the understanding of superconductivity in higtuprates.
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[. INTRODUCTION the magnitude ofQ). and the nature of the normal-state
response.
The formation of a superconducting condensate in el-
emental metals and their alloys is well understood within the Il. EXPERIMENTAL PROCEDURES
theory of Bardeen, Cooper, and SchrieffBCS) in terms of
a pairing instability in the ensemble of Fermi-liqui€L) The response of the superconducting condensate can be

quasiparticles. Applicability of the FL description to high-  investigated through IR experiments probing the complex

cuprate superconductors is challenged by remarkable anom&@nductivity o(w)=o1(w)+io;(w) of a superconductor.
lies found in both the spin and charge responses of theddt T<T. the real part of the conductivity can be written as
compounds in the normal statBecause quasiparticles are

_not \_/veII_ defined _at'l_'>T_C ir_l most cupraFes_ it is natural to ch(w): P_85(0)+Urleg(w)_ 1)
inquire into the distinguishing characteristics of a supercon- 8

ducting condensate which appears to be built from entirel
different “raw material.” Infrared(IR) spectroscopy is per-
fectly suited for this task. Indeed, the analysis of the optica
constants in the far-infrared unfolds the process of the for
mation of the condensat&(0)-peak in the dynamical

conductivity? and also gives insight into single-particle ex- ferred to as the regular component and represents the con-

citations in the system both above and beldw ductivity that isnot due to the superconducting carriers. It

In this paper we focus on the interplane properties of,,y incjude conductivity due to unpaired carriersTat T,

high-T. superconductors. We will show that the distinctions 5 finite frequencies, phonons, interband transitions, mag-
in the behavior of the condensate in conventional supercoryons  etc. Commonly, the condensate stifiness is character-
ductors and high; cuprates are most radical in the case ofj,¢qq through the penetration depih=c/+p., the notation

the c-axis interplane response. The analysis of the generige will use in this paper.

trends seen in the behavior of theaxis condensatécorre- In order to discuss several techniques that can be ex-
lation between the penetration depth and the dc conduc- ploited to determine the interlayer penetration depth of an
tivity o) allows us to infer the energy scalk: associated anisotropic superconductor we turn to our data for
with the development of the superfluid in the cuprates. Thida; g:SK, ;,CuQ, (La214 with T.=36 K (Fig. 1). Large
energy scale may dramatically exceed the energy gap in sysingle crystals were grown using the traveling-solvent
tems lacking well-defined quasiparticlesTat T, (primarily  floating-zone techniquéand were carefully annealed to re-

in underdoped cupratds We discuss a connection between move excess oxygen. The crystallographic axes were deter-

MI'he 6(0)-peak term represents the response of the conden-
gate with the superfluid densitys=4mne?/m* propor-
tional to the concentration of superconducting carriess
and inversely proportional to their effective mas$. The
second term on the right-hand side of Et) is usually re-
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1.0 which the penetration depth can be obtained as
o 08T cz/vzagew (Ref. 5. In the latter equatiore., is the real
g 06 part of the dielectric constamrt(w) at frequencies above the
B 04l plasma edge. The numerical value ©f is somewhat am-
R biguous, and introduces an error in the result Xgr This
02T technique was employed in Refs. 6-9.
ssf (2) In a BCS superconductor the formation of the conden-
= 30f sate is adequately described with the Ferrel-Glover-Tinkham
5 o] (FGT) sum rule
a 20
= 15| 2
© E g C Qc
1§:-, o~ o~ pf;:fm[«r?(w)-oaegwdw, @
T or % EI'_ wherea(w) is the normal-state conductivity &, , and the
v.;’ 200 [ ] upper integration limit)¢ is of the order of the gap energy.
K 100 - ] The upper cutoff issue for cuprates will be discussed in detail
or ] below. According to this sum rule the area “missing” from
00T 10K+ the normal-state conductivitishaded region in Fig. 1, panel
= B) is recovered under thé(0) peak. This technique may
‘-“E 28 [ R, e e IEI'_ somewhat underestimate the magnitudengfbecause, at
v; 20 Jok S~ < _ 0 [oy(0)-0,%(w)] least in underdoped cuprates, the superfluid density is accu-
o 15t T~ 1 mulated from a broad energy region significantly exceeding
= 0 a5,06) - N the gap energ§®%This method was used for an analysis
s Sf © [op()-05 o(w)] N of the penetration depth in Refs. 12—14.
0 1 ¢ 1 1 1

(3) Finally, the most commonly used method of extracting
\¢ is based on the examination of the imaginary part of the
complex optical conductivity. By KK transformation, the

FIG. 1. Interlayer response of La214 single crystals viith peak atw=0 in the real part of the optical conductivity
=36 K: reflectancR(w) (panel A; real and imaginary parts of the implies that the imaginary part has the form,(w)
conductivity (panels B and Cand the productr,(w)Xw (panel  =c?/(4mwh?). Therefore, the magnitude af, can be esti-
D). The c-axis penetration depth can be determined from the IRnated fromw X o»(w) in the limit of w— 0 (the gray line in
data using several different techniques: from the position of thepanel C of Fig. 1 or the dotted line in panel) DRefs.
plasma minimum irR(w), from integrating the difference between 2 6 8 10,11 and 15-18
the oy(w,T) and oy(w,10K) [Eg. (2)], and from examining the While method 3 is very well suited to quantify the mag-
frequency dependence of the(w,10K) X w. The latter approach  pityde of the penetration depth, this technique also may in-

may underestimate the magnitude Jof because of the screening yqquce systematic errors. Strictly speaking, the relation
effects associated with the response of unpaired charge carriers at reg

— 2 2 . . . — .
T T oo S o o et o 1 ) G o liony o) 0 iy
(solid line in panel D. ghz sup ,

show residual absorption in the far-IR conductivity. This ab-
sorption may bgin par) connected withd-wave symmetry
mined by Laue diffraction, and the samples were then cubf the order parameter in cupratésading to gapless behav-
into platelets with the ac planes parallel to the wide face. Theor at any finite temperature. Data displayed in Fig. 1, panel
error in the axes directions is less than 1°. Near-normalB, clearly shows a nonvanishing IR conductivity down to the
incidence reflectance measurements were performed &westT and w. A finite regular contribution tar;(w) im-
UCSD in a frequency range between 10 and 48000%c(d  plies a finite contribution tar,(w). Owing to this contribu-
meV-6 e\j. The complex conductivityr(w) and complex tion the spectra ob,(w) acquire a complicated frequency
dielectric function e(w)=€;(w) +iey(w,) were inferred dependence that may significantly differ from the brm
from R(w) using Kramers-KronigKK) analysis. The low- (Fig. 1, panels C and D Moreover, the magnitude of the
and high-frequency extrapolations have negligible effects ompenetration depth extracted from such a spectrum is likely to
the data in the measured frequency interval. Below we outbe underestimated, even if the produg{w) X w is taken at
line common analysis techniques used to determine the pethe lowest experimentally accessible frequencies.
etration depth from the results of IR studies. Systematic errors in the magnitude fconnected with

(1) Raw c-axis reflectance of higfi superconductors at ¢}°%w)>0 can be eliminated using the following proce-
T<T. exhibits a sharp plasma edge. In the case oftlure. The intrinsic value of the penetration depth can still
Lay g1 17CU0Q; this feature is located at 85 cnmi ! (Fig. 1,  be determined fromo,(w), if the imaginary part of the
panel A. This behavior is in contrast to the featurelessconductivity is corrected byoy%(w) characterizing all
normal-state reflectance. The position of the plasma edge iscreening effects that are not due to superconducting carriers
determined by the screened plasma frequeﬁzgy from atT<T,:

0 20 40 60 80 100 120 140 160 180 200
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c2 that the superfluid density<(1/\?) is significantly enhanced
oo(w)— oy w)= 5 (3 in underdoped cuprates compared to noncuprate materials
TON with the same dc conductivity.

Possible origins of tha.— oy, correlation were recently
discussed in the literatufé.A plausible qualitative account
of this effect can be based on the FGT sum f&q. (2)]. For

To determinesy9(w) we employ a KK-like transformation:

re 20 (= 0y N (o) a dirty limit superconductos ()~ and Eq.(2) can be
o w)=——| ———do'. (4) al p 1\W)~0qc, q¢
T Jot ' ?— w? approximated as:
The result of the application of the correction procedure for )
the imaginary part of the conductivity is presented in Fig. 1, p :C_~2A0 (5)
panel D. It appears that after subtraction &f% ), the S a2 de

remaining contribution to the conductivity reveals a lie-
havior over an extended frequency region, supporting th&uch an approximation is possible because within the BCS
soundness of the procedure proposed here. We emphasiamdel the energy scal@: from which the condensate is
again thatno other correction procedure besides that de-collected is of the order of magnitude of the gdps=2A
scribed by Eqs(3) and (4) has been used. In the case of =(3-5)kT,. A connection between Af, o4, and 2A is
La; g3S15.1CuQy, the latter procedure leads only to a minor illustrated in the inset of Fig. 2. In the dirty limit the magni-
correction of the absolute value bf (~18%). That is be- tude of oy, Sets the amount of spectral weight available in
cause the absolute value ®f°9( ) is relatively small and is the normal-state conductivity, whereas the magnitude of
constant throughout far-IRFig. 1, panel B. However, such Q:=2A defines the fraction of this weight which is trans-
a correction can be much more significant for overdopederred into condensate &< T.. Therefore, the magnitude of
samples, which often show stronger Drude-like contributions\. can be expected to decrease systematically with the en-
in 01°9(w) spectra. Figure 1, panel D also shows a fre-hancement of the dc conductivity, in accord with the FGT
quently used approximation to the method we have just outsum rule. Notably, an approximate foifiaq. (5)] yields the
lined: instead of subtractingey%(w), one subtracts \.—ogqc scaling with the power lawt=1/2 which is close to
oo(w,T) from o,(w, T<T.). The resulting curve looks a=0.59 seen in Fig. 2.
somewhat better than the uncorrected one, but still yields an The strong condensate density in the cuprates can be un-
enhanced value ab X () in the limit of w—0. derstood in terms of the dramatic enhancement of the energy
scaleQ) over the magnitude of the energy gap. This can be
seen through a comparison of the universal scaling patterns
observed for cuprates and of a similar pattern detected for
The c-axis penetration depth in a layered superconductononcuprate superconductors. The energy scale associated
can be determined from IR experimeffs;*®as described in  with the condensate formation for materials on the upper
Sec. Il. In addition, several other experimental techniquesline, which for most conventional materials in Fig. 2 is close
including magnetization measuremetits?® microwave to estimates of the gap, is of the order of 1-3 meV. In
absorptiorf’ ~3*and vortex imagingf-**can be used to deter- Sr,RuQ,, for example, 2=2.2 meV, based on Andreev re-
mine the magnitude ok.. Regardless of the method em- flection measurementS.If Eq. (5), in the form pg=c?/\?
ployed, the interlayer penetration depth in several families of~Q o4, appropriate for cuprates, is employed to describe
cuprates reveals a universal scaling behavior with the maghe difference between the upper and lower lines in Fig. 2,
nitude of o4.(T=T,) (Fig. 2) (Ref. 15: the absolute value then one can conclude that the corresponding scale for un-
of \. is systematically suppressed with the increase of thelerdoped cuprates is 100 times greater, i.e., of the order
normal state conductivit The scaling is obeyed primarily 0.1-0.3 eV. This assessment@f. is supported by the ex-
in underdoped cupratéblue symbols in Fig. 2. The devia-  plicit sum-rule analysis for several cuprafe$,and also
tions from the scaling are also systematic, and are moshakes(). the largest energy scale in the problem of cuprate
prominent in overdoped phas@ed symbols in Fig. 2 Such  superconductivity°
deviations are a direct consequence of a well-established Data points in Fig. 2 for overdoped materials support the
fact: on the overdoped side of the phase diagam in- notion that thex .— o4 plot provides a means to learn about
creases, whereas. is either unchanged or may show a mi- the energy scale associated with the condensate formation.
nor increasé®16:37 Deflection of the overdoped cuprates from the universal line
We find a similar scaling pattern betwe&p and o in implies thatQ) is gradually suppressed with increased car-
other classes of layered superconductors, including organiger density. This trend is common for ;BaCuQs, 5
materials, transition metal dichalcogenides andR80, (TI2201), La214 and YBaCu;O;_ 5 (YBCO) materials(see
(Fig. 2). While the noncuprate data set is not nearly as densésig. 2). Integration of the conductivity for all these over-
the key trend is analogous to the one found for cuprates. Theoped materials shows that the FGT sum rule is exhausted at
slope of thex.— o4, dependence is also close for both cu-energies as low as 0.08 g€fRefs. 10 and 111
prates and noncuprate materials. The principal difference is In BCS superconductorQ is related to A, and there-
that the cuprates universal line is shifted down by approxifore to T.. In cuprates we find no obvious connection be-
mately one order of magnitude k.. The latter result shows tween the broad energy scdlg: and the critical temperature

Ill. UNIVERSAL c-AXIS PLOT
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FIG. 2. (Color) Thec-axis penetration depth,(T=0K) as a function of the-axis dc conductivityr,.(T.). We find two distinct patterns
of A;— o4 Scaling. Cuprate superconductors exhibit much shorter penetration depths than noncuprate materials withoth¢ Bgmehis
result implies a dramatic enhancement of the energy sQalefrom which the condensate is collected, as described in the text. The
superconducting transition temperatiiichas not been found to be relevant to ie- o4 scaling. Data points: YBCQRefs. 6,15, and 17
overdoped YBCO(Refs. 12—-1% La214 (Refs. 6,16,18, and 33 HgBaCuw,O, (Refs. 34 and 59 TI2201 (Refs. 2,10 and 35
Bi,SrL,CaCy0Og (Refs. 7 and 28 and Nd _,Ce,CuQ, (Refs. 8 and 2 Blue points, underdopedD); green points, optimally dope®pD);
red points overdope@DD). Transition-metal dichalcogenidéRefs. 19-21,47 and 60—BZET),X compoundgRefs. 22,24,25,28—-30, and
63-659, (TMTSF),CIO, (Refs. 66 and 67 S,RuQ, (Refs. 26 and 68 niobium (Refs. 31 and 3R lead (Ref. 32, niobium Josephson
junctions(Ref. 69, andaMo; _,Ge, (Ref. 70. Inset: in a conventional dirty limit superconductor the spectral weight of the superconducting
condensatégiven by 1A?) is collected primarily from the energy-gap regi@ray). The total normal weight is preset by magnitudergf,
whereas the product of2X opc quantifies the fraction of the weight that condenses.

T.. While scaling of . by the magnitude of . does reduce of Q is found in underdoped cuprates for which the quasi-
the “scattering” of the data points>® the two distinct\,  particle concept may not applgpottom lin@. The experi-
— 4. patterns persist even if such scaling is implementedments which in our opinion are most relevant to this classi-
Similarly, the difference between the two lines in Fig. 2 can-fication include quantum oscillations of the Idvinterlayer
not be accounted for by differencesT. In particular, the  resistivity (and of other quantitiésn high magnetic field4!
critical temperature of strongly underdoped La214 material)uantum oscillations can be viewed as a direct testimony of
is nearly the same as that of the several ET compoundgng-lived quasiparticles capable of propagating coherently
(=12-15 K). Nevertheless, the penetration depth is drapetween the layers. Indeed, quantum oscillations were ob-
matically enhanced in the latter systems. served in two-dimensional organic superconductbfé2H-
NbSe (Ref. 43 and SyRuQ, (Ref. 44. Conversely, quan-
IV. IN-PLANE QUASIPARTICLES AND INTERPLANE tum oscillations have never been reported for underdoped
TRANSPORT cuprates. The lack of coherence in tbexis transport in
these materials indicates that the ground state of cuprates
A quick inspection of the materials in Fig. 2 suggests thatmay be fundamentally different.
a smaller condensate scdtep line) is observed in systems Signatures of coherent and incoherent behavior can also
in which superconductivity emerges out of a normal statebe recognized in the spectra of tleeaxis conductivity. A
with well-defined quasiparticles, whereas the enhanced valuealimark of a coherent response is the Drude peak seen in
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FIG. 3. Examples of the interplane transport for layered superconductors. Top panels show the out-of-plane optical cond(®livity
and the bottom panels the corresponding in-plane scattering rai€ &J. The observation of the Drude-like feature in the interplane optical
conductivity of the dichalcogenide 2H-NbSé&op right panel is consistent with magnetoresistance measurements that reveal evidence of
well-behaved quasiparticles. In contrast the conductivity of underdopedXB@; ¢ material (top, left panel gives no signs of coherent
response. Overdoped cuprates show the emergence of a Drude-like feapummiddle pangland also occupy an intermediate position
between the two lines in Fig. 2. Experimental data: YBaOg ¢ (Refs. 52 and 711 YBa,Cu;O; (Refs. 13 and 14 YBa,CuzOg o5 (Ref. 52,
and 2H-NbSeg (Ref. 48.

o,(w) of metals. Notably, a similar feature has never beenyBa,Cu,O; ¢ to optimally doped YBaCu;Og o5 the absolute
found in the c-axis response of underdoped compoundsyalues of 1f,,(w) decrease. A similar trend is observed in
(forming the lower line in Fig. P The electronic contribu-  other cuprate familie®2-°*The shaded regions in Fig. 3 rep-
tion to oy(w) in these materials is usually structurelessiesent a Landau-Fermi-liquidLFL) regime, where the qua-
which is commonly associated with the incoherédiffu-  siparticles are well defined, i.e., the magnitude of the scatter-
sive) motion of charge carriers across the planes. Converselymg rate is smaller than the energ{t/r(w)<w]. In 2H-
many materials that belong to the upper line in Fig. 2 dem‘NbSez 1/7,(w,10K) is in the LFL regime over the entire
onstrate a familiar Drude-like behavior. This kind of behaV'frequency interval displayed in Fig. 3. However, this is not
lor was found in SfRuQ, (Ref. 43 and is also shown in our the case for the two cuprates discussed. We believe that these
datd® for the interplane response of 2H-NBSEig. 3, top gifferences in absolute values may have a profound effect on
right panel. In both cases, the width of the peak decreases ghe interplanetransport. In 2H-NbSg where the in-plane
low temperatures, which is characteristic of the response Qjuasiparticles are well defined, the interplane transport is
ordinary metal$. As for the over-doped cupratécated in  g1so coherent, and is characterized by a narrow Drude-like
a cross-over region between the two lines in Fig.tteir  ,0de whose width decreases with temperatiig. 3, top
conductivity is indicative of the formation of the Drude-like right panel. On the other hand, in YB&u;Ogg, Which
peak([see, for exampleg(w) for YBa;CusO7; Fig. 3, 10p  |acks well-defined quasiparticles, the interplane transport is
middle pane}, which is becoming more pronounced With jncoherent, withr,(w) being dominated by optical phonons
increased carrier de”$ﬁ§/- _ _ o (Fig. 3, top right pangl As for the over-doped YB&u;0,
Analysis of the anisotropic carrier dynamics in severaI(Fig_ 3, bottom middle pangthe optical conductivity of this
layered superconductors indicates that the degree of COheébmpound is in between these two opposite limits. Figure 3
ence in the interplane transport may be related to the streng{ferefore supports the notion that long-lived in-plane quasi-

of inelastic s_catt_ering within the gonducting plan_es. T_he bOt'particIes may be one of the necessary prerequisites for co-
tom panels in Fig. 3 show the in-plane scattering @e  pgrent out-of-plane transport.

verse lifetime 1/7,,(w) (Ref. 49 for the layered compounds
corresponding to the top three pan®4n all these systems
l/mp(w)*w over an extended frequency intervalp to
3000 cm 1)°L, An important feature of the data displayed in ~ To summarize the experimental results reported in this
Fig. 3 is that as doping is increased from underdopedvork, we wish to stress the following point§) two distinct

V. GLOBAL TRENDS IN LAYERED SUPERCONDUCTORS
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patterns in\.— o4, correlation(Fig. 2) are indicative of a sponsible for the anomalous superfluid response of the un-
dramatic difference €10%) in the energy scalé)c from  derdoped cupratesi! the characteristic pseudogap tempera-
which the interlayer condensate is collectéd); the pattern  ture T* =90-350 K is still much lower than our estimate of
with the typical energy scale of the order of meV is realized() . for these material¢0.1-0.3 eV, i.e., 1000-3000)K
in the materials with the coherent transport between the (jv) Unlike BCS superconductors, whefg is determined
planes, whereas the one with a strongly enhanced value @f 2A and therefore by, the critical temperaturd, in
Q¢ is found in underdoped cuprate superconductors with agyprates correlates with neitheA2nor Q.
incoherent responseii ) overdoped cuprates reveal a cross- |n conclusion, analyzing a large amount of experimental
over between the two behaviors; afid) the coherence in  gata, we found two distinctly different patterns in— oq.
the interlayer transport correlates with the strength of inelasgcaling in layered superconductors. Based on the universal
tic scattering within the conducting plan€sig. 3. These ¢ axis plot, we inferred a broad energy scélg relevant for
results allow us to draw several conclusions regarding feasair formation in underdoped cuprates. This result is consis-
tures of the superconducting condensate in different layereghnt with the idea that the superconducting transition in the
systems. cuprates is driven by a lowering of the electronic kinetic
(i) The symmetry of the order parameter seems to be Unsnergy’? We argue that the appearance of such an energy
related to trends seen in the c-axis condensate response. Wxgle is fundamentally related to the incohereakis trans-
deed, the upper line in Fig. 2 is formed byvave transition-  nort, which, on the other hand, may be related to poorly
metal dichalcogenidesp-wave SgRuQ,, and organic gefined in-plane quasiparticles. A quantitative account of the
materials for which botfs- and d-wave states have been jstinct energy scales associated with the condensate is a

1 i ; ; .
proposed;" while d-wave highT. materials form the lower challenge for models attempting to solve the puzzle of cu-
line and the crossover region between the lines. Prate superconductivity.

(ii) The electrodynamics of the systems on the top line a
T<T, is determined by the magnitude of the gapd hence
by T.), in general agreement with BCS theory. It is therefore
hardly surprising that the trend initiated by two-dimnesional
superconductors is also followed in one-dimensional organic The research at UCSD was supported by the NSF, the
conductors, as well as by more conventional systems such &8S. DOE, and the Research Corporation. The work at
Nb Josephson junctions, bulk Nb and Pb or amorphou8rookhaven National Laboratory was supported, in part, by
aMo, _,Ge, (see Fig. 2 the U.S. Department of Energy, Division of Materials Sci-

(iii) While the pseudogap state has been shown to be reence, under Contract No. DE-AC02-98CH10886.
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