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Role of two-dimensional electronic state in superconductivity in La_,Sr,CuO,
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We have measured out-of-plane resistivity for La, ,Sr,CuO, under anisotropic pressure-axis com-
pression, which decreasps, reducesT drastically, whereas-axis extension, which increasps, enhances
T, from 38 K at ambient pressure to 51.6 K at 8 GPa. We find that the variatidp &dales as a function of
pc, and that thes-axis pressure coefficient is much stronger tharatheaxis one. These findings imply that
depends primarily on the interlayer, rather than the in-plane, lattice parameter.

Although a large number of experimental and theoretical According to uniaxialP (Ref. 16§ and ultrasonit’ mea-
investigations indicate that strong two dimensionality of thesurements on higfi, cuprates, the® dependence oT is
normal state is_ one of key factors in hidh- characterized by strong anisotropy. For LSCO, not only the
superconductivity;”® it remains to be critically examined apsolute value but also the signasT,/dP depends strongly
whether the cuprates are essentially two-dimensié®B) o the direction of the applieB regardless of a change of
metals or three-dimension&D) metals with strong anisot- carrier concentrationdT,/dPj,,>0 and ch/dP”c<O).18

ropy. Strpng tW.O dimen_sionality in the cuprates i.s qft_er X Thus it is necessary to clarify the uniaxidldependence of
pressed in exotic behavior of the out-of-plane resistipity T, because the effect of hydrostaRds given by the sum of
€g. a I?;NT upturn in pC(T) for underdoped. h'gﬁ.-'c the uniaxial P coefficients for each axis d(T,/dP=2
cuprated”’ Interlayer coupling, as reflected ip., is % dT./dPy,.+dT./dP)

trongly related to the 2D-electronic state. e’ Fllab™ H e/ ¥ Hlc)- . . .
strongly refated to the electronic state Our P experiments were performed by using a cubic-anvil

Low dimensionality is generally known as a destructived =d® with . f Eluori d
factor for long-range order such as superconductivity. More#€VIC with a mixture of Fluorinert FC70 and FC77 as

over, a theoretical model for high, cuprated indicates that ~F-transmitting medium. The samples were put into a cylin-
T. enhancement is caused not only by strong in-plane corrdrical Teflon cell with an inner space of 1.5-mm diameter
lation but also by increase of interlayer coupling. This sug-2nd 1.5-mm length, and the current was applied parallel to
gests that a Strong|y 2D e|ectronic Sta'_te" Weak interlayer the Cylindrical aXiS Of the Ce”. Vitriﬁcation Of the f|UId me-
coupling, should weaken highs superconductivity. In this dium at lowT often causes a slight deviation from hydrosta-
paper, we explore how the two dimensionality in the elec-icity, though the applie® is completely hydrostatic while
tronic state is reflected iff,. the P medium remains fluid. Pressure applied to the anvil
Pressuré® experiments on higf-, cuprates have received unit was held constant within 3% duririg sweeps. In this
much attention as a technique which can control the twesystem, quasihydrostati®e can be generated by isotropic
dimensionality or the lattice parameters which gov€gnin ~ movement of six anvil tops even after the fluid medium vit-
many highT cuprates, however, it is difficult to clarify the rifies at lowT and highP. The key feature of our measure-
effect of the interlayer hopping transferon T, becausd,  ment is that, in our cubic anvil device, the hydrostaticity
is usually governed by a change of carrier concentratiorstrongly depends on the sample shape and size because of a
caused by applying.® In contrast, La_,SrCuQ, (LSCO)is difference in the compressibility between the sample and the
a suitable system to investigate this question because thgtrified mixture.
carrier number depends only weakly &h'*'* In LSCO, Nonhydrostatid® is generally a hindrance in understand-
indeed, the> dependence qf., which is much stronger than jng the P dependence of .. However, if we can determine
that of the in-plane resistivity,,, is interpreted in terms of  {he anisotropy of the applie®, it is possible to determine the
a change of interlayer distanéén this work, we have inves- jyuinsic behavior ofl ; even wherP is high enough suppress
tlgatgdr:hePlde%er;]dence O?éc for 'LSC|.O n oLder to unde; the structural change. In spite of the deviation from hydro-
Ef/?tr; the role of the two dimensionality in the supercon ”C'staticity,P dependence o, is given by
The presence of a structural transition from tetragonal to
orthorhombic afT4 prevents us from observing the generic dT dT
behavior of p(T) and T, in LSCO with x<0.2. For in- Tc(p):TC(O)+2p“ab_C+p”C_c‘ (1)
stance, a change of slope is clearly observed irpti&) at dPjap dPjc
T4.*? Moreover, T, in LSCO is suppressed by the
orthorhombicity*® It has been reported that, in LSCO can
be suppressed by applying high**'® Therefore we have

focused on a high®? experiment on LSCO to determine the ; ! ;
relationship betweemp.(T) and T, regardless of the influ- " the P acting on the sample by comparing the observed

ence of the structural transition. Te(P) with dT¢/dPyjap anddTc/dP.

Moreover, the uniaxiaP derivatives have been reported for
the zeroP limit.” Therefore we can determine the anisotropy
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FIG. 2. p(T) curves measured for the plate-shaped LSCO
FIG. 1. p(T) curves measured for stick-shaped LSCO samplesample withx=0.15 underP up to 8 GPa. The inset show®
with x=0.1 below 55 K undeP up to 8 GPa. The inset shows  dependence gf. at 297 K. Also shown is a schematic representa-
dependence of. at 300 K. The sample shape and the configura-tion of the electrodes attached to the plate-shaped crystals.
tions of the electrodes are shown.
interlayer distance is sensitively reflectedgpnin LSCO; %
Single crystals of LSCO were grown by a traveling- namely,p.(P) can be regarded as a strain gauge along:the
solvent floating-zone method. The Sr concentrations used ifixis. Therefore, we deduce that theaxis is stretched by
this work arex=0.1 and 0.15, as determined by electron-applyingP in this measurement. These results obviously in-
probe microanalysis. Out-of-plane resistivity was measuredjcate that the stress on the plate sample is strongly aniso-
by a four-probe method und& up to 8 GPa for a “stick”- tropic.
shaped sample with dimensions bf;oX L110XLoo1=0.2 We can infer the reason why the stress on the plate
X0.25<0.73 mn? (x=0.1) and “plate”-shaped samples sample is strongly anisotropic even though the sample is not
with dimensions 0.40.4x0.06 mnf (x=0.1) and 0.45 in direct contact with the Teflon cell. It is empirically known
X0.45x0.06 mn? (x=0.15). The electrodes were made of that the Fluorinert mixture is jelled by applyifg=1 GPa
gold paste with a post-heat treatment. We verified that th@t around 300 K. The jelled mixture, which has a much
appliedP did not damage the sample by checking that thelarger compressibility than the sample, acts as a cushion.
pc(T) curves under the ambiem before and after th®  Hence quasihydrostatic conditions would be achieved if the
measurement agreed well with each other. sample were embedded in a large volume of mixture. How-
For stick shaped LSCO witk=0.1, we measured the  ever, a deviation from hydrostatR is likely caused by the
and T dependence op.. Some interesting features were strongly anisotropic distribution of the jelled mixture, though
found in theP dependence of the:(T) curve in the vicinity  the displacement of six anvil tops was isotropic. In Fheell,
of T, as is shown in Fig. 1, whilp. at 300 K monotonically the ¢ axis of the plate sample was arranged parallel to the
decreases wittP as shown in the inset. By applying cylindrical axis of the cell. Comparing the sample size with
<3 GPa, the maximum value qi,(T) just aboveT. is  the inner diameter of the cell, we can see that the clearance
drastically reduced, though. changes weakly. On the other between the inner wall of the cell and the sample is much
hand, by applying>=3 GPa the maximum value @f,(T) narrower than the space along thexis direction. Pressure
is almost constant thoudh is strongly suppressed. The fea- transmission is strongly anisotropic because the jelled mix-
ture at around 3 GPa is probably due to the structural changeire shows poor fluidity and the cell geometry is anisotropic.
from the orthorhombic to the tetragonal phase. According tdn the plate sample measurement, the in-plane compression
the reported® measurements;*® the observedl4~270 K  must be much stronger than the interlayer one; thus the
can be suppressed =3 GPa. Indeed, a change in the c-axis stretch is caused by a large contribution from Pois-
slope of thep.(T) curve, which is clear at aroundy  son’s ratio.
~270 K under ambienP, is completely suppressed by ap-  Figure 3 provides a plot of . determined by zero resis-
plying P=3 GPa. Therefore we focus on measurements ofivity againstP for the stick-shaped sample£0.1) and
pco(T) under P=3 GPa in order to address the intrinsic plate onesX=0.1 and 0.1h Both the stick and plate sample
variation of p, and T, independent of the structural transi- with x=0.1 show a change of slopes n(P) at around
tions. Incidentally, we note that a deviation from hydrosta-P4~3 GPa. ThenT. changes linearly withP in the ortho-
ticity is not so large in this measurement judging from therhombic phase. We found a significant difference betwieen

observedP dependence of . dependence of . for the stick and plate samples. For the
For the plate shaped LSCO sample with 0.1 and 0.15, stick sample, T, decreases at a rate ofiT./dP
the P and T dependence gf. was also measure®. depen- ~—0.8 K/GPa forP=3 GPa, andT, for P=3 GPa is

dence ofp.(T) for the plate sample witkk=0.15 is repre- more strongly suppressed with a ratedf.,/dP~—3 K/
sentatively shown in Fig. 2. The dependence for the plate GPa. By contrastT,. for the plate sample increases with
sample is different from that for the stick sample. In particu-a rate of dT.,/dP~+3 K/GPa for P<3 GPa and
lar, increasing is induced by applyind°=0.8 GPa at 297 dT.,/dP~+0.6 K/GPa undeP=3 GPa. The plate sample
K as shown in the inset. Moreover, tRedependence of the with x=0.15 showsT. enhancement from 38 K at ambiefit
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FIG. 3. T, for stick- and plate-shaped samples agalsfhe
solid line is a guide to the eye. Meshed marks indicate the structurdlydrostaticP up to 8 GP&>%* Therefore it is a reasonable
transition pressur®y estimated from the changes gg(T) and the  gassumption that the anisotropR ratio is retained in the
reportedT4(P) (Refs. 14 and 15 high-P range.
What we are mainly interested in now is why the absolute

to 51.6 K at 8 GPa with a rate adT.,/dP~+5 K/GPa value ofdT./d P”C is much stronger than that dﬂ-c/dF.’”ab.
under P<1.5 GPa anddT./dP~+1.5 K/GPa for P In the tetragonal phase, the enhancemeritodue to inter-
>15 GPa. The maximunT.=51.6 K is the highest re- !ayer expansion |s_about 2.6 times stronger than that due to
corded so far for LSCO. ¢ in-plane compression. Naturally, tilf./d P, value is too

We have attempted to quantify the nonhydrostaticity atsmall to account for the observétldependence of¢. As

low T in order to clarify these results. It is reported that thezzgwrlgtg_zlﬁé 4é<;hsea\rfr:zgocnsugcb%bggé (:j fl(l)r:egorg/],:gtllﬂcﬁk
uniaxialP derivatives obtained at around ambieRtare b b P

N - 297 K. Additionally, theP dependence op. can be ex-
dTCédﬁ\gab_ +3.2 K/GPa andiTe/dPjc=—6.6 K/GPafor  , oqceq a5 a function of the lattice parameté? Therefore
x=0.1.

Comparing these uniaxi®- derivatives with the T s much more strongly reflected in the interlayer distance
observeddT./dP in thg orthorhomblp phase, we estimated han the in-plane one. Thus a changeTofis mainly inter-
the anisotropy of applie@ on the stick and plate samples ,reted in terms of the interlayer coupling as monitoregdn
using Eq.(1). In the measurement for the stick sample with Incidentally p. is given by p.~[N|t,|?7] ", whereN is
x=0.1, we obtained the anisotropiratio to bePc/Pjay  carrier number, and is lifetime in the plané.In general P
~1.1. By contrast, th@|./P|4p values for the plate samples dependence ol and r is reflected in those of the residual
with x=0.1 and 0.15 are about 0.6 and 0.5, respeCtive|yresistivity and the slope qf,,(T), respectivelyz_5 Recently,
Thus the above-mentioned inference is probably confirmeeve have reported that anisotropic pressure does not change
by this estimation. Incidentally, the-axis stretch for the p,, below about 60 K-3?°Moreover, weak® dependence of
plate samples is also indicated by comparfg/P|,, with N has been reported:* Therefore we deduce thatandN
compressibility* and Poisson’s ratié? as is indicated by in- for LSCO are almost independent & at low T; thus P

creasingp. . dependence op. for LSCO is mainly governed by that of
Next, we consider the intrinsie dependence of. in the  t..
tetragonal phase. Assuming that the anisotr&piatio in the As a clue to understanding the relation betwdgnand

orthorhombic phase is retained in tReinduced tetragonal interlayer coupling., we focus on the lowr behavior ofp.
one, we estimated the uniaxiBlderivatives in the tetragonal in the tetragonal phase when tb@xis compression is stron-
phase to bedT./dP.=—-8=1 K/GPa anddT./dPj,, ger than the in-plane one. Although tRereducesp, values
=+3+0.5 K/GPa from Eq(1). Equally, we obtained the over the whol€T range, the peak value @f,(T) just above
uniaxialP derivatives forx=0.15 to bedT./dP.=—9 T, is almost independent & as shown in Fig. 1. This ob-
*1 K/GPa anddT./dPj,,=+3.5+0.5 K/GPa utilizing servation suggests that superconductivity occurs when
the previously reported® dependence ofT..” Though reaches some critical value. Thus highervalues can be
dT./dPj,, remains nearly constant regardless of the strucexpected in the system which has strongly suppretsed
tural change,dT./dPj. in the tetragonal phase is much  We infer why a strongly 2D electronic state is an advan-
stronger than that in the orthorhombic phase. Incidentallytageous factor for the superconductivity in LSCO against the
from a sum of these uniaxid@® derivatives we obtained a expectations from the theoretical modal.dependence gi,
hydrostaticP derivative in theP-induced tetragonal phase to and p,,, indicate that the interlayer coupling is suppressed
be dT./dP~—1 K/GPa for optimal doping. This estima- with decreasingr. It seems that the perfectly 2D metal ex-
tion agrees well with the reported value aT./dP pected from the spin-charge separation model is achieved at
=—1 K/GPa for polycrystalline LSCO witlt=0.15 under absolute zero Kelvin when superconductivity is absent.
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However, it is believed that the perfectly 2D metal is un-
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is strongly reflected in interlayer distance rather than in-

stable at lowT. Moreover, it has been reported that not only plane one. Indeed, the enhancemenigin LSCO, which

pc but alsop,, shows a logarithmic upturn wher, is sup-
pressed by a large magnetic fi@ldherefore superconduc-

reaches 51.6 K at 8 GPa, is mainly interpreted in terms of
interlayer expansion, which enhances two dimensionality.

tivity or a 3D localized electronic state is likely required at Therefore we expect that measurement under anisotropy con-
|0W Tin Order to depreSS the InStabI|Ity. Thus enhanCIng thQroned pressures causes much h|gﬂ]’@nhan previous|y re-

instability, which is caused by the-axis expansion, in-
creasesl ..

ported values for many high; materials.

In conclusion, we have demonstrated that strong 2D struc- We would like to thank S. R. Julian for criticizing the

ture of the electronic state as is monitoredgpis a key
parameter for high. superconductivity, though low dimen-
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ventional superconductivity. The remarkable thing is fhat
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