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Effects of carrier concentration on the superfluid density of highT . cuprates
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The absolute values and temperatule, dependence of the in-plane magnetic penetration depth of
La, ,Sr,CuQ, and HgBaCuQ, . s have been measured as a function of carrier concentration. We find that the
superfluid densityp changes substantially and systematically with doping. The valugg(6f) are closely
linked to the available low-energy spectral weight as determined by the electronic entropy jusiTaband
the magnitude of the initial slope pp(T)/p<(0)] increases rapidly with carrier concentration. The results are
discussed in the context of a possible relationship betwgesnd the normal-statéor pseudgenergy gap.
[S0163-182609)04546-4

Superconductivity arises from the binding of electronsinvestigateps as a function of doping. Both have a simple
into Cooper pairs, thereby forming a superfluid with a super<rystal structure with one Cu(lane per unit cell, can have
conducting energy gap in the single-particle excitation their carrier concentration controlled, and there is experimen-
spectrum. In high-temperature superconduct®i¥S’s), A  tal evidence suggesting the presence of a normal-state
has essentiallyd,2_,2 symmetry in k space with A,  gap Ay which closes with increasing dopidg>® Here
=A,cos 2,* where ¢=arctank, /k) and A, is the super- we report in-plane penetration depth,,, measurements
conducting gap amplitude which will in general pedepen-  for  high-quality Lg_,Sr,CuOQ, (LSCO  with x
dent. Changes in carrier concentration have unusually strong 0.10, 0.15, 0.20, 0.220.24 measured by the ac-
effects on the superconductii§ and normal-stafe’ prop- susceptibility (acg and muon spin relaxatioquSR) tech-
erties of HTS’s. There is evidertd that in addition to the niques and for HgB#LuO,,; (Hg-120) with &
superconducting gap there is a normal-stater pseuddp  =0.10,0.37 measured only bySR. We find systematic
gap Ay in the normal-state energy excitation spectrum inchanges inpg with carrier concentration and a correlation
underdoped and optimally doped samples and that this devith Ay .
creases as the doping is increased. The maximum supercon- Single-phase polycrystalline samples of LSCO were pre-
ducting gap amplitudd , seems to show little variation with pared in Cambridge using solid-state reaction procedures. No
underdoping even though is reduced 8 in disagreement other phases were detected by powder x-ray diffraction and
with the standard mean-field Bardeen-Cooper-Schrieffethe phase purity is thought to be better than 1%. Lattice
(BCS) theory. This unusual behavior is probably linked in parameters were in good agreement with published Work.
some way to the presence afy.” However, fundamental High-field magnetic susceptibility measurements showed no
problems such as the origin dfy and its possible effect on signatures of excess paramagnetic centers. The measured
the superfluid densitps have not been clearly resolved. T.'s are 30, 37.7, 36, 27.5, and 20.3 K fg=0.10, 0.15,

The physical quantity most directly associated withis  0.20, 0.22, and 0.24, respectively. These values are also in
the magnetic penetration depth because in the London very good agreement with previous measurem&hjsSR
model 1A%« p,. The materials studied here, 13Sr,CuQ, experiments as a function dfwere performed on the same
and HgBaCuQ,, 5, are particularly appropriate systems to powders forx=0.10 and 0.15. Although unoriented powders
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can be used to determine,, by uSR? the acs technique

———r
requires the powders to be magnetically alight@rain ag- La, Sr CuO,]
glomerates can be a cause of poor degree of alignment, and v x=0.10 _
to eliminate these, powders were ball milled in ethanol and 0 x=0.15 ]
dried after adding a defloculant. Scanning electron micros- ¢ x=0.20 .
copy confirmed the absence of grain boundaries and showed é izggi ]
that the grains were approximately spherical with average v x=0.10 uSR ]
grain diameter~5 um. The powders were mixed with a m x=0.15puSR ]

5-min curing epoxy and aligned in a static field of 12 T at
room temperature. Debye-Scherrer x-ray scans showed that
~90% of the grains had their Cy@lanes aligned to within
~2.0°. Low-field susceptibility measurements were per-
formed down to 1.2 K using an ac field,.=1 G rms(par-

allel to thec axis) and a frequency =333 Hz. Details of the

application of London’s equations for deriving from the ' lIrIIgIB'a CuO 1
measured low-field ac susceptibility in HTS’s can be found i 2 4+3 ]
in an earlier publication and references ther@ifiransverse- — ato m v 8=010 1
field-cooled uSR experiments were performed at the ISIS, 2 [ O = O O 8=0.154 1
Rutherford-Appleton Laboratory on unaligned powders in a o B ] o =037 T
field of 400 G. The field produced a flux-line lattice whose o 23 © C 0 ]
field distribution was probed by muons. s Wi e O ]
The depolarization rate(T) of the initial muon spin is pro- g [ Voo o ]
portional to 1KZ(T) [ie., o(usY)=7.086x10" g= o - O

X\ ;2 (nm)].2*2 Checks were made to ensure that the values 5 It - DD ’
of A ,, Obtained were independent of the applied field and the Q“é F (b) OO O
o values used to estimate N/ had the mean high- [ . o0 o V. v, - |
temperature value ob(T>T,) subtracted. The Hg-1201 00' —_ '40' — .80l =
[6=0.10 (T,=60K) and 0.37 T.=35K)] samples were T(K)

preparedelig Houston by the controlled solid-vapor reaction
technique: —2 . I :
. FIG. 1. (@ N\, (T) obtained by the ac-susceptibility technique
The values oh ,,(0) derived from the acs data for LSCO ¢, grain-aligned La_,Sr,Cu0, (LSCO). Data obtained byuSR
are 0.28, 0.26, 0.197, 0.193, and 0.1@4 for x=p=0.10, {5 ynoriented LSCO powders are also includsolid symbols. (b)

0.15, 0.20, 0.22, and 0.24, respectively, wheris the hole Ty ) -2(T), for HgBaCuQ,, 5 unoriented powders. The data
content per planar copper atom. The maximum error fokgr 5=0.154 are taken from Ref. 17.

Nap(0) of the acs technique is less tharl5%. However,
given that all our samples were prepared under the samgg-1201 powders measured only WSR, including data
conditions, the size and shape of the grains were the same fiiom Ref. 17 for a Hg-1201 samplalso from Houstopwith
all Sr concentrations, and the,(0) values measured by the §=0.154 (p=0.17). As in LSCO, we observe a change in
acs anduSR techniques are in excellent agreemgfig.  the shape 06(T) o[ 1/\ ,,(T)]? of Hg-1201 with doping and
1(a)], we believe the actual error is significantly lower than 4 suppression in;,2(0) with underdoping. In the under-
the above estimater_?(0) was also measured for Sr doped regior 1/\ ,,(T) ]2 shows a more pronounced down-
=0.22 usinguSR and agrees with the acs value. We thusward curvature. Taking the magnitude of the slope of the
find that\,7(0) is suppressed on the underdoped side, infow-T linear term to be proportional {ay(0)/A, (Ref. 8, the
cluding optimal doping, but there is no suppression with in-observed trend of 1/\ 5,(T)]? with p would imply thatA,
creasing overdopingup top=0.24) in contrast to reports for remains approximately constant in the underdoped region
TI,Ba,CuQs;. 5 (T-2201) Ref. 14 and for and then decreases rapidly with overdoping.
Y 0.6Ca BaCuz0;_ (Y:Ca-123.2 Values of\4p(0) as ob- Figure 2 shows a comparison of the present results for
tained byuSR for Hg-1201 are 0.194 and 0.148n for & LSCO with specific heat data taken on the same sartfples
=0.10 and 0.37, respectively. We note tihat0.10 and 0.37 where a finiteA was observed fox=p<0.19. In the inset
in Hg-1201 correspond tp=0.075 and 0.22, respectively. we observe a good correlation between thgependence of
The T dependence of ,,, for LSCO is shown in Fig. (&) [1/A,5(0)]% and [S/IT(T,) — S/IT(2K)] where S(T) is the
as a plot off 1/\,(T) 1% ps(T). N5 2(T) data forx=0.10  electronic entropy obtained by integrating the electronic spe-
and 0.15 obtained by SR are also included for comparison. cific heat coefficienty(T)=Cg /T from 0 to T. The quantity
Overall there is good agreement between the results from tHeS/ T(T.) —S/T(2 K)] is a measure of the energy-dependent
two techniques. From the acs data we find that the existenagormal-state electronic density of sta{@&09), g,(E), av-
of an initial linear term in\4,(T), characteristic of a clean eraged overt2kgT, around the Fermi energifr. The ef-
d-wave superconductor, persists up to the highest dopinfect of an energy-dependent DOS on the London penetration
measured X=0.24), in agreement with electronic specific depth\_, or ps(0), is notusually considered in the standard
heat studies on polycrystalline LSCO samples from the samtheory, which implicitly assumes a constant DOS and a para-
batch as those studied héfeFigure ib) depicts data for bolic E(k) dispersion relation. It has been argued elsewhere
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FIG. 2. LowTAZA(T) for La,_SrCuQ, (LSCO versus x
compared with the lowF specific heat coefficieny (Ref. 16. In-
set: )\;bz(O) for LSCO compared with[S/T(T.)—S/T(2 K)]
(Ref. 16.

that p,(0)=47%(v2g,(E))/e?, wherev, is the Fermi veloc-

ity and the average is taken over &mnisotropi¢ energy
shell,Er=A,. Note that this result agrees with the standard
expression for the normal-state conductivity and the usual
relation between\ (0) and the real part of the frequency-
dependent electronic conductivity in the normal and super-
conducting states](w) and o5(w), respectively. Namely,
ps(0)x\ %(0) (Ref. 18 is determined by the area under the T/T
[0](w)—o3(w)] curve in the frequency range<thw/2 ¢

<2Aq. Thus the inset to Fig. 2 suggests that the strong F|G. 3. (a) [X,(0)/\p(T)]? obtained by the ac-susceptibility
decrease 0p¢(0) with x from x=0.20 to 0.10 is related to technique for grain-aligned La,Sr,CuO, compared with the
the suppression of spectral weight with energy ralige  weak-coupling BCS theorgsolid line) for ad-wave superconductor
+Ag, which is believed to be due to the presence of theRef. 19. (b) The [A,,(0)/\4(T)]? data forx=0.20, 0.22, and
normal-state gap.Conversely, the fact thats(0) for LSCO  0.24 shown in pandh), but corrected for a distribution &f. values
does not fall on the overdoped side as in TI-2ZRef. 14 (see text for detai)s The solid lines are the BC&wave T depen-
and Y:Ca-123Ref. 2 may well be associated with the ob- dence shown in panéh) corrected for the respective distribution in
served occurrence of a low-energy peak in the DOS, uniquéc's- The curves forx=0.22 and 0.24 are shifted vertically for
to LSCOZ® which grows with overdoping. clarity.

The main panel in Fig. 2 shows a correlation between the
doping dependence of the slopes\gf?(T) and ¥(T) both  small amount of doping inhomogeneity, giving a distribution
quantities being related to the number of excited quasipartief T, values in this region whereéT./dp is maximal'® The
cles, ng(T). For low values ofx, ng(T=10K) is much effect of this is to rescale the curves with a slightly lower
smaller than expected from tf, value, and this probably value of T,. We have modelecp4(T) using the weak-
implies that the average value dfy(¢) is significantly  coupled BCSd-wave T dependence for a cylindrical Fermi
larger thanT, . The rapid rise above=0.20 may arise from surface and a normal distribution ®f values with standard
the combined effects of the closure®f atx=0.19(Refs. 4  deviation of 3%, 5%, and 9% fax=0.20, 0.22, and 0.24,
and 16 and the decreasin. values, plus the fact that for respectively. The resultant curves in FigbhB(solid lineg
LSCO there is significant pileup of states ndar in the  are in excellent agreement with the experimental data espe-
overdoped region 0.20x<0.356 cially for x=0.20 and 0.22, implying that the classlevave

In Fig. 3@ we present the LSCO acs data asT dependence is preserved in the moderately overdoped re-
[Nan(0)/Nap(T)]? versusT/T, and compare the data with gion. However, thex=0.24 sample still shows significant
the mean-field calculation for dwave weak-coupled BCS deviations that possibly reflect changes in the electronic
superconductor with a cylindrical Fermi surface which givesstructure. This would not be surprising given the changes in
Ao/Tc~2.141° There appears to be a systematic deviatiorthe Fermi surface with the rapid crossover from holelike to
of the data from the weak-couplin§ dependence with a electronlike states near=0.272! We note that the data for
greater(weakej curvature on the underdopédverdopedl x=0.24 are in excellent agreement with a weak-coupling
side. The observed trend m;bZ(T) with underdoping is in  d-wave calculation for a rectangular Fermi surfate.
agreement with theoretical predictiGiis based on a In contrast to the overdoped samples, the optimal and
pseudogap scenario. In the overdoped samples in Fay, 3 underdoped samples both show very small rounding Tigar
there is a positive curvature neBy, which may arise froma The data depart significantly from the weak-coupling curve

A ,0) / A (D))
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and in the opposite direction. We note that accounting fothe fact that the YBCO samples were not as heavily under-
inhomogeneities in these samples will, if anything, move thedoped as thex=0.10 LSCO sample. We also note that
curves even further from the weak-coupling BCS fit. YBCO is complicated by a mixed+d order parametér?

A central conclusion of the present work is that there is agnd the effect of the Cu-O chains on the total superfluid
crossover in bottps(0) andps(T) nearp=0.20. Such be- density p,.3*34 Furthermore, the high sensitivity of mea-
havior is characteristic of many other normal-state and Susyrements on sample quality is one of the main reasons for
perconducting properties which have been interpreted ifhe incomplete and inconclusive data available from earlier
terms of the presence dfy for p<0.20>****The proper 1 easurements

means of incorporating the normal-state gap effects withina |, summary, using the acs apdSR techniques, we have

realistic model and, indeed, the very nature of the normalbbtained consistent and systematic results on the effects of

state gap are a mat_ter of current debate. However, a kegarrier concentration opg of monolayer cuprates. In the
characteristic ofAy is the loss of normal-state spectral

weight nearE.. As discussed above, the loss of spectraloverdOped region we find a reasonably constant value of

weight can cause both a strong reductiopig0) and, ina  *s(%) (up t0 p=0.24), and[ p(T)/ps(0)] is in good agree-
simple model, enhanced curvature[jp(T)/ps(0)] relative mept with the weak-couplmgl-wave']’ depgndence. In the
to the BCS weak-coupling-wave T dependencé the very optimal and underdoped reglop§(0) is rapidly suppressed,
features we observe for the optimal and underdoped samplgdld _above O there is a marked departure of

We note that the curvatures jn(T) in our data are in  [Ps(T)/ps(0)] from the weak-coupling curve. Our data are
reasonable agreement with earlier reports for slightly underentirely consistent with available specific heat data, which
doped, grain-aligned HgB&a,CuOg. 5 (Refs. 11 and 28  give evidence for a link between the behaviorggfand the
and single-crystal LSCO witlk=0.15%° In contrast to the nhormal-state gapy .
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