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Systematic behavior of the in-plane penetration depth ind-wave cuprates
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We report the temperaturd’] and oxygen concentration dependences of the penetration depth of grain-
aligned YBaCu;0,_ s with §=0.0, 0.3, and 0.43. The values of the in-plang(0) and out-of-plane..(0)
penetration depths, the low-temperature linear term jg(T), and the ratid A;(0)/A,,(0)] were found to
increase with increasing. The systematic changes of the linear term\jp(T) with T, found here and in
recent work on HgB#Ca,_1Cu,05,154 5 (N=1 and 3 are discussedS0163-18208)04121-9

In a recent studyof the c-axis coupling ofd-wave high-  and then slowly cooling to room temperatutelereafterT,
T, cuprates we reported the values and temperafliyedé-  represents the temperature where the onset of superconduc-
pendences of the in-plané {,) and out-of-plane X.) pen- tivity occurs in the ac susceptibility data for a measuring
etration depths for slightly overdopetiHgBaCuO,. s (Hg-  field H,=3 G rms and frequency=333 Hz) The §=0.3
1201 with critical temperatureT,=93 K and slightly (YBCOg, T.=66 K) sample was prepared by annealing in
underdopet® HgBaCaCuwOg,. s (Hg-1223 with T,  pure oxygen atmosphere at 650 °C for 12 h and then quench-
=135 K. For both compounds the low-temperature depening in liquid nitrogen, while the6=0.43 (YBCOg57 T,
dence of\ 5, was found to be linear as expected tbwvave =56 K) sample was annealed in 0.2% /8, atmosphere at
superconductivity. In  fact normalized plots of 550 °C for 12 h and also quenched into liquid nitrogen. The
[Nan(0)/Nap(T)]? versus T/T, were the same, and like final oxygen contents were determined from the weight
YBa,Cu;0; (YBCO,) (Ref. 6 agreed very well with mean- change of a fully oxygenated reference sample. $keD.0
field (MF) theory for a weak-couplingl-wave supercon- bulk piece was lightly ground and sedimented in acetone to
ductor. However, recent angle-resolved photoemissiowbtain a well-defined grain size distribution. The sedimented
spectroscopy(ARPES and tunnelinf data strongly suggest powders were then heat treated to repair any structural dam-
that for underdoped samples the superconducting/gare-  ages to the surface of the graiffsFor §=0.3 and 0.43, on
mains constant, or even increases slightly, whijldalls and  the other hand, a bulk piece for eaéhwas lightly ground
so large deviations from MF theory might be expected. Weand sieved through a 20m sieve in an argon glove box to
have therefore extended our investigation to deoxygenatedbtain a well-defined grain size distributidrand to avoid
(underdopelipure YBaCu;0,_ 5 using the same ac suscep- surface degradation of the crystallitésThe collected pow-
tibility technique to measure the penetration delptfi:1° ders were then kept in argon atmosphere for 30 min before

We report experimental results for the values and tembeing aligned. All powdersy=0.0, 0.3, and 0.43, were mag-
perature dependences ®f, and A of high-quality c-axis  netically aligned in epoxy as described earlié° The av-
grain-aligned orthorhombt¢ YBa,Cu;0,_ 5 (Which has two  erage grain diameters corresponding to the 50% cumulative
CuG, planes per unit cell as well as Cu-O chaingith  volume point were 5 and 18m for the fully oxygenated and
5=0.0, 0.3, and 0.43, and compare them with tetragdnal the oxygen deficient samples, respectively. The fraction of
Hg-1201 with one Cu@plane per unit cell and tetragohdl the unoriented powder in all grain-aligned samples was esti-
Hg-1223 with three Cu@planes per unit cell. We find that mated to be<5%. Rocking curve analysis of th&=0.0 and
the presence of the linear term k(T) is independent of 6>0.0 samples gave a full width at half maximumbfL.4°
the number of Cu@planes per unit cell, carrier concentra- and=1°, respectively> Low-field susceptibilityy measure-
tion, crystal structure, anisotropy and the presence of chaingnents were performed using commercial equipmelotvn
Surprisingly our data show good agreement with weak+o 4.2 K) for samples with5=0.0, 0.3, and 0.43. The sample
coupling d-wave theory, and the linear term in with §=0.43 was also measured down to 1.2 K using a home
[Nan(T)/N4(0)] appears to scale witl/T.. This result built susceptometer. Details of the experimental technique
highlights the need for detailed consideration of the relationand the application of London’s model for derivingfrom
ship between superconducting and normal-state energy gafize measurec in cuprate superconductors can be found in
in underdoped cuprates. earlier publicationg:®10:16

Sample preparation was carried out by the standard solid- The values of\,,(0) derived from our data are 0.14,
state reaction process using high-pur{§9.999% Y0, 0.21, and 0.28m and the corresponding values fog(0)
BaCQ;, and CuO oxides. Electron probe microanalysis ancare 1.26, 4.53, and 7.1@m for 6=0.0, 0.3, and 0.43, re-
x-ray diffraction showed that all samples were single phasespectively. The errors i ,,(0) arising from a possible un-
within an accuracy of~1%. The fully oxygenatedd=0.0  certainty of=5% in the alignment can be as higha25%,
(YBCO;, T.=92K), samples were prepared by annealingwhereas those in.(0) are=8%. However, the correspond-
bulk pieces in pure oxygen atmosphere at 380 °C for 24 fling uncertainty in the linear term ifix,,(T)/Nap(0)] is
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FIG. 1. Low-temperature plots'oih) [Nap(T) /N ap(0)] a_nd (b) FIG. 2. Plots of(@) [Aap(0)/hap(T)]? and (b) [Ao(0)/Ao(T) ]2
[Ac(T)/N:(0)] for YBCO; (closed circley YBCO; ; (open circles, ; .
as functions ofT/T, for YBCO; (closed circles YBCOs; (0pen
and YBCQ 57 (open squargs The T., A,5(0), and\.(0) values ) o .
. ! circles, and YBCQ 57 (open squargs The solid line in(a) is the
are given in the text.

theoretical prediction for the normalized superfluid density from the

. eak-coupling BCS theory for d-wave superconductdRef. 23.
much less, at most-10%. The present results differ from W tping y wave stp uetd 3

previous work’ in which the surfaces of the particles were
probably not as clean and the degree of grain alignment wagenerally similar to that of YB&Cu, _,Zn,)30; (x=0.02
probably lower. AsT, is reduced by lowering the carrier and 0.03,° except at very low temperatures wher&aterm
concentration(for §=0.3 and 0.43 [l/)\ib(O)] falls, a be- developed in the Zn-doped samples due to impurity scatter-
havior which has been extensively discussed in terms of thing.
Uemura relatiort®!® The ratio y=[\.(0)/\4,(0)], i.e., the The full temperature dependences [&f,,(0)/\ 4,(T)]?
anisotropy, increases with oxygen deficiency. for YBa,Cuy0,_5 (6=0.0, 0.3, and 0.43
Figures 1a and 1b), show characteristic low- yBa,(Cy,_,Zn,);0; (x=0.02 and 0.08 Hg-1201 and Hg-
temperature plots of\(T)/A(0)] for the ab plane(mea- 1223 are also in agreement with recent data of
sured with the applied fieltllic) andc axis (measured with Bi,Sr,CaCyOg. 5 (Bi-2212) (Ref. 24 and TLBa,CuGs, s
Hilab), respectively, for the three oxygen concentrations(T|.2201) (Ref. 29 single crystals measured by a microwave
studied. The low-temperaturel(T.<0.25) linear term in  tachnique withH e, but they only agree with another set of
Nan(T), is 4.8 A/K for YBCO; in good agreement with that iorowave data Kliic) for Bi-2212 single crystaf§ at

fountd l;g‘o’? microwave measu(;efmentti oln t:&%@ﬂng'; T/T,<0.3. At higher temperatures the data in Ref. 26 devi-
crystals.~As oxygen IS removed irom e ‘atti¢the chain ate from the weak-couplind-wave calculation. Independent

the linear term increases to 12 and 20 A/K #®#0.3 and : . . .
. . evidence for the scaling behavior f ;,(0)/\ 45(T) 12 with
0.43, respectively. For YBCOwe also observe a linear T/T, can also be found in a recent publication by Bonn

dependence ik at low temperatures but the relative change 27 . o
is about a factor of 2 smaller than[in ,,(T)/\ 45(0)], while etal.”™” who measured the re]anve changes)un/vlt_h tem-
\e(T) of YBCOg ; and YBCQ 5, obeys aT2 behavior at low perature for.underdoped, optimally dopeq and sl!ghtly over-
T. Details of the systematics f,(T) of cuprate supercon- doped untwinned YB&u,0;_; crystals using a microwave
ductors can be found in Refs. 1, 6, 21, 22. techniqgue andHLc. However, in Ref. 27 the changes of
In Fig. 2 we present normalized plots of [Nan(0)/Aap(T)]? for YBCOs g5 at high temperatures, and
[Nap(0)/Aap(T)1? and[A(0)/A(T)]? versusT/T,. There YBCOgq over the whole temperature range, were smaller
is excellent agreement between fhg,(0)/\,,(T)]? curves  than ours and closer, at high temperatures, to the Bi-2212
for the three oxygen concentrations. The data in Fig) &re ~ data in Ref. 26. We do not know the precise origin of this
compared with the weak-coupling theory fordawave su- difference but we believe that for weakly coupled layers,
perconductor(solid line).? It can be seen that thé-wave  data taken witrHllc give the best measure of the superfluid
curve fits the data very well. On the other hand, thedensity.
[Ac(0)/\c(T)]? curves do not fit thel-wave curve and also Figure 3 shows plots of1—[\ap(0)/Aap(T)]?} vs T
differ from each other slightly, because of the effect of thewhich is equivalent td[ng(0)—n¢(T)]/ng(0)}, i.e., the nor-
interplane coupling om(T).1®%%2222we also find that malized density of quasiparticle excitations, what€T) is
[N an(0)/Nan(T) ]2 of YBa,CuO,_ 5 agrees with that of Hg-  the density of condensed electrons at a temperatufer all
1201 and Hg-12231° The behavior of A ,;(0)/A,5(T)]%is  the samples studied. It is clear that the linear tern{in
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FIG. 3. Low-temperature plot of 1—[X,5(0)/Aan(T)]?} for
Hg-1223[\,,(0)~1770+300 A] (closed triangles(Ref. 1), Hg-
1201 [N 4,(0)~1710+250 A] (open triangles (Ref. 1), YBCO,
(closed circles YBCOg; (open circley and YBCQs; (open
squares Inset: T, versus 2, as derived from the plot in the main
panel(see text for details BKBO is included for comparison. The
solid line is drawn as a guide to the eye.

FIG. 4. Low-temperature plot of 1/A,,%(T)] (i.e., ny) for
YBCO; 57 (open squargsand Hg-120Xopen trianglesshowing the
approximate parallel shift afg with T as discussed in the text. The
dashed lines, immediately above and below each data set, indicate
the maximum possible error inX,?(T) arising from +5% un-
certainty in the alignmenfsee text

correspond to the same number of excited quasiparticles,
[ng(0)—ng(T)], at a given temperature for dll, values—as
implied by specific-heat work on underdoped YB&G5uch
parallel shifts giveg[ng(0)—ng(T)]=aT, wherea is inde-
pendent of doping levelT(.). In combination with the well-
known Uemura relation ng(0)=T.,*® this gives [1
—ng(T)/ng(0)]=BT/T., whereg is independent oT .. So

at low T [\ ,p(0)/\4p(T)]? versusT/T, would still scale on

to a single curve even when the MF relatidg /T ~2, is
strongly violated.

In conclusion, we have studied,,(T) and\.(T) of high-
quality grain-aligned YBgCu;O;_s with 6=0.0, 0.3, and
0.43. The values of ,,(0), A.(0), and y were found to
increase with oxygen deficiency. We find that the existence
of the linear term im\ ,,(T) is independent of the number of
CuG, planes per unit cell, carrier concentration, crystal struc-
ture, anisotropy, and the presence of chains. If viewed in
Isolation, all the penetration depth data presented here and

ost of the microwave measurements Ftrc appear to be
in excellent agreement with mean-field theory for a weak-
results for underdoped cuprates wharewas actually found couplingd-wave superconductor for whiaky /T~ 2. How-

to inprease slightly while‘_rc fall_s. There seems o _be two ever, recent spectroscopic data are more consistent with a
possible ways of accounting _thls discrepancy. One is that thgitterent approack in which there is a strong interplay be-
recent spectroscopic experimefftsactually measure the yyean the superconducting and normal-state gaps. Clearly
normal-state gap. In this scenario the effect of the normaly,o relationship between these two gaps is of crucial impor-

state gap would be to leave small pockets of holes whosg,,qe for understanding superconductivity in the cuprates.
superconducting properties are still described reasonably

well by MF theory. The other is similar to a recent phenom- We thank J. W. Loram for enlightening discussions and
enological approacff. As shown in Fig. 4, it is probable, that B. Mace for his assistance with the powder preparation. C.P.
within experimental error, theunnormalized plots of  would like to thank Trinity College, Cambridge for financial
[1/\,5(T)?], i.e., ng(T), versusT at low temperatures are support. This work is supported by E.P.S.R.C of the United
parallel for samples with different, values. This would Kingdom.

—[Aan(0)Aa(T) % increases a3, decreases. If we use the
standard BCS result for(T) of a d-wave superconductdf,

[N(0)/N(T)]2=1—-2(T/Ag)In 2, (1)

to fit the experimental data shown in Fig(& T/T.<0.25),
we find thatA, scales approximately with. [Fig. 3 (inseb],
giving Ay~2T,, a value close to that expected for weak-
coupling superconductivit$® For comparison we also in-
clude data for the s-wave perovskite BgKpBiO;
(BKBO).X® The compounds Bi-221#8Refs. 24 and 26and
TI-2201 (Ref. 25 would also giveA ;= 2T, on this plot. The
maximum error in the linear terms, i.e., the valuesAgfin
Fig. 3 (inseb, is =20%.

The scaling ofAy with T, Fig. 3(insed, is in agreement
with early tunneling spectroscopy d&téor several cuprates
as a function of carrier concentration, ranging from the un
derdoped to the optimally doped regimes. It is not consiste
however, with more recent tunnelfignd ARPES(Ref. 7)
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