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The effect of hydrostatic pressure up to 2 GPa on the superconductiong transitions $t&uQ,, s is
investigated. The ambient- and high-pressure properties of two series of samples=Witand 0.015 and 0
< 6<0.1 are characterized and compared by ac-susceptibility measurements. At ambient pressure both sets of
samples fit into the same phase diagram as a function of the total hole concentpati®ar n,<0.085 there
is a single superconducting transitiofi &30 K) with an unusually large pressure coefficiedﬂ,'£3°)/dp
~10 K/GPa. At a higher hole densitn(>0.085) a second superconducting transitidp~15 K) follows
the first transition upon cooling and the pressure shift of this transition is negdﬁ?é?/d p~—4 K/GPa. At
the boundary as the hole density is close to 0.085 the phase separation can be induced by pressure. The results
are explained in terms of a strong correlation of the interstitial oxygen with the hole system in the CuO planes.
Pressure, applied at ambient temperature, causes a redistribution of holes. The mobile oxygen dopants follow
and enhancd, as well as the tendency toward phase separation. If pressure is changed at low temperature
(<100 K) the effects onT, and phase separations are greatly diminished because the interstitial oxygen
becomes immobile at low. Our results indicate that the dopant effects are important. Dopants and holes
should be treated as a single globally correlated state. When thermodynamic euqilibrium is approached in the
oxygen-doped samples, we find that there is an intrinsic tendency of electronic phase separation of doped holes
into two distinct superconducting states.
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[. INTRODUCTION use the notations “soft dopant” and “hard dopant” here in-
stead of “annealed disorder” and “quenched disorder” to
Superconductivity in all highF, cuprates is induced by emphasize both the intrinsic natufe.g., the dopant in-
carrier doping. Except for the most recent results on fieldcreases with increasing carrier densignd the strong cou-
doping experiments the vast majority of data available in pling between carriers and dopants. The crucial parameter is
the literature are based on chemical doping. Unfortunatelythe excess-oxygen doping. The high mobility of the intersti-
carrier doping by chemical substitution or intercalation istial oxygen provides not only the opportunity to study the
always accompanied by the introduction of dopants into theintrinsic” electronic evolution as a function of carrier con-
material, and the higher carrier concentration requires moreentration but also a number of interesting physical phenom-
dopants that inevitably affect the electronic state of the sysena. For example, several structural transitions as well as
tem. Even without any external perturbations, intrinsic dop-macroscopic phase separations have been observed in
ant effects can-not be ignored. Furthermore, since carriersa,CuQ,. 5 with increasing oxygen contefit? For 0.006
can be introduced either by cation and/or by anion doping< §<0.05 a miscibility gap was observed with two different
complications such as different lattice responses to acconstructures(Bmab and Fmmmsymmetry coexisting at low
modate different kinds of dopants have to be taken into actemperatures. Chemically, the two structures show different
count. Cationic doping proceeds via substitution of cation®xygen contents. ThBmabstructure is not superconducting,
with ions of different valencies. We will use the notation and its composition is close to stoichiometric ,CaiO,,
“hard doping” since the cationic dopants occupy lattice siteswhereas the oxygen-rickmmmphase becomes supercon-
and are immobile. Anionic doping, however, frequently re-ducting at about 30 K:>°>¢8°The origin of this phase sepa-
sults in a system of mobile dopar(&.g., interstitial or chain ration was attributed to the mobile interstitial oxygen since it
oxygen that provides an additional degree of freedom ands not found in the cation-doped kLa,Sr,CuO, where the
may respond to a change of thermodynamic parameters sudopants are immobile and “frozen” in their position. For
as temperature or pressure. We will denote doping with mota,Cu0,, 5, one superconducting transition was observed in
bile anions as “soft doping.” La_,Sr,Cu0,., 5 is one of the  the miscibility gap withT,~30 K, almost independent of
high-T, compounds that allow us to continuously tune thes.? At higher doping levels only one crystalline structure
relative strength of “hard dopant” versus “soft dopant” of (Fmmm was detected!® but evidence of the formation of
randomly distributed but immobile Sr iorisoncentratiorx) superstructures by the interstitial oxygen was also
and mobile interstitial oxygen ionsoncentration’), respec-  reported:%20Oxygen orderings along theaxis (staging*?
tively. Accordingly, we can study their influences on the nor-as well as in theb plané''! were consequently proposed. It
mal and superconducting states as a function of the holis interesting to note that the superconducting transition in
concentratiomy,, controlled by two parametessand 5. We  this regime of the phase diagrdire., for §>0.05) proceeds

0163-1829/2002/68.4)/14452211)/$20.00 65 144522-1 ©2002 The American Physical Society



B. LORENZ, Z. G. LI, T. HONMA, AND P.-H. HOR PHYSICAL REVIEW B65 144522

in two well-defined steps at 30 and 15 K with no correspond-oxygen has been shown to change with the hole deffsity.
ing evolution of two chemical phases, suggesting the possBelow n,=0.06 each oxygen ion dopes exactly two holes
bility of an electronic phase separation into two distinct su-into the planes as is expected from the formal valenéy.O
perconducting phasés. However, forn,>0.06 the doping efficiency of the oxygen
Different physical and chemical methods of superoxygendecreases to 1.3 holes per O ion. Hall measurements have
ation of LgCuQ,, ; have been employed. Originally high- shown that fon,>0.06 the additional holes partially occupy
pressure oxygen annealing was used to increase the O Copalized states and do not increase the Hall nuntbEor
tent up to 5=0.03 in LaCuQ,, ;.>" However, electro- the sy codoped compound the oxygen doping efficiency re-

chemical intercalation of oxygen has been proven to be Styyces from 2 to 1.3 at exactly the same critical hole density
perior to all other methods of oxidizatifht>1*because of n,=0.06, indicating that the O doping efficiency is con-

the low reaction temperatufelose to room temperatugehe trolled by the total hole density, i.e., by the electronic state.

higher oxygenation level§) that can be achieved, and the Therefore, the total hole density in 43,SL,CuO, . 5 is de-

precise measurement and control of the doping level. W?ermined byn,=x+28 (n,<0.06) andn,=0.019+1.3(5
have carefully studied various electrochemical techniques, x2) (n >y0 BG) respectri]veliﬁ h— ™ '
h . y .

and shown that samples so prepared are close to thermodili'- . . .
namic equilibrium for 6<$<<0.05 with a superconducting Press'ure IS knovyn to increadg in mc_)st of the under-
transition atT,~30 K as long as the intercalation rate was d0P€d hightc materials. In YBaCu;0; 5 it was found that
low. High intercalation rates, in particular fa>0.05, re- the increase off; with pressure is enhanced by a pressure-
sulted in nonequilibrium samples wiffi, up to 45 K314 mduced_ordermg of_ th% gxyggn ions occupying the incom-
However, slow electrochemical oxidation followed by ther- Pletely filled chain sites?~*' This effect is particularly large
mal annealing at 110 °C allows the samples to relax close t# the far underdoped region. Another compound where pres-
equilibrium, andT, decreases to about 30 K. Outside thesure (applied at ambient temperatiirehanges the oxygen
miscibility gap for 5>0.05 a second superconducting transi-configuration with a crucial impact on the superconducting
tion with T,~15 K develops with annealing, resulting in the properties is overdoped JBa,CuQ;, 5.*>**Whereas in the
two-step transition described in the previous paragfdfh. two former compounds pressure is assumed to affect the hole
The appearance of different phases with increasing oxyeensity in the active CuO layer by transferring charges be-
gen content is obviously related to the interstitial mobiletween the charge reservoir block and the CuO planes this
oxygen ions, and cannot be observed in the cation-dopeghechanism does not apply to the La-214 higheompound.
La, ,SrCuQ,. The strong correlation of the negatively In fact, from Hall measurements at high pressures it was
charged @~ ions with the hole carriers in the Cu-O planes is concluded that the average carrier density inQ@a0,, 5
expected to result in a cooperative behavior and in interesjoes not change with the application of pressiré. The
ing features like chemical and electronic phase separatiofyessure effect on superoxygenated,@aO,. 5 has previ-
oxygen ordering, etc. reported in recent works. However, thgysly peen studied with inconsistent pressure coefficients of
driving force ar_ld the microscopic mgchamsm for these phe—l-C for various samples prepared and doped by high-pressure
nomena are still a matter of discussion. Based on a theore{)—Xygen annealing as well as electrochemical intercaldfion.

ical study of the phase diagram of a two-dimensiondl ;
model including the nearest-neighbor Coulomb repuIsior}\:\éiggtﬁi\geﬁLhrﬁt;ar:gl;e:uIts were plagued by the problem of

15,16 i H
Emery et al. suggested that electronic phase separation Therefore, we conducted a careful investigation of the

into hole rich and hole poor phases may be a general prop-

erty of two dimensional hole-like systems. In this case, theeffect of hydrostatic pressure on tiig and superconducting

mobile oxygen in LaCuQy. ; plays an essential role by states of the strontium and oxygen codope_d La-214 s_ystem,
compensating for the repulsion between holes in the holek2-xSKCUQs. 5. The goal of this work is twofold:(i)

rich regions and facilitating the charge separation. On thé&nase separation in the correlated hole-oxygen system was
other hand, there is the possibility that the oxygen ions causdlready reported under ambient conditiérighe effect of

the separation into differerfbxygen-rich and -poorphases ~Pressure on the superconducting state and the phase diagram
affecting the local hole density in the Cu-O planes. To sepaas @ function of hole concentration is of primary interest. To
rate and to distinguish between these two scenarios the hofgobe the underlying driving mechanism of phase separation,
densityn;, and the oxygen contert ought to be controlled the pressure is changed at ambient as well as at low tempera-
independently. This major goal can be achieved by cationtures (where oxygen motion is inhibiteéd(ii) The pressure
anion co-doping in the system ,LaSr,CuQ,, ;. Starting effect on samples with different oxygen contehtbut the

with a fixed Sr content in the parent compound, and tuning same hole densitg,, are compared to extract the most rel-
the oxygen dopings, by electrochemical intercalation, the evant parameter determining the nature of the superconduct-
degree of cation and anion doping can be varied at will andng state. Pressure is used as a tool to characterize the elec-
the hole concentration can be controlled precisely. In order téronic state at a given,,. We find that samples, both under
compare samples with the same hole concentrations but ditmbient and high pressures, with differehiand x behave
ferent oxygen contents, the doping efficiency of Sr and O hasgery similarly if compared at the same hole concentration.
to be known. We have calibrated the doping efficiency ofThis indicates that the observed phase separation, although
pure oxygen and oxygen/strontium codoped samplessupported by the mobile oxygen ions, is primarily of elec-
Whereas each Sr ion adds one hole, the doping efficiency dfonic nature.
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Il. EXPERIMENTAL SETUP 150 K was very slow(typically 0.4 K/min) in order to
‘maintain exactly the same conditions for all experiments.

La, ,Sr,CuO, was prepared by a standard solid-state re__ """ . . X ;
action from oxides, and subsequently oxidized by electro:rhls is particularly important for doping levels where chemi-

chemical intercalation as described elsewleéfet®After the cal phase separations oceur becay§e it was shown that in this
range the superconducting transition temperature may de-

eIecEroc_hemicaI oxidizatior_1 all samples were annealed_ arBend on the cooling rafd. However, any kinetic process
110°C in oxygen for a period of 24 to 200 h. Samples with|o,4ing o phase separations slows down at low temperature
different Sr contentx=0 and 0.015, and excess oxygen 0 4nq prevents the sample from reaching true thermodynamic
< 6<0.1 were prepared and investigated at ambient and highquilibrium at temperatures closeTg. We have tested vari-
pressure. dc magnetic susceptibility measurements Using s cooling procedures with speeds below 0.4 K/min, and
Quantum Design SQUIDSuperconducting quantum inter- found no appreciable change in the superconducting proper-
ference devicewere employed to characterize the superconties. Therefore, we conclude that with the chosen procedure
ducting transition at ambient pressure. For the high-pressung¢ie samples are as close to thermodynamic equilibrium as
experiments the ac susceptibility technique was used. A duabne can get.

coil system was mounted to the ceramic samples and the

highly sensitive low-frequency{19 Hz) LR 700 (Linear Re-

search mutual inductance bridge was used for the measure- 1. RESULTS AND DISCUSSION

ments. The magnitude of the ac magnetic field was estimated A. Ambient pressure results

to about 2—4 Oe. In one series of experiments hydrostatic o

pressure €2 GPa) was applied at room temperature by a _1ne dc susceptibilityyq. was measured and compared
standard piston-cylinder beryllium-copper clamp insertegith the real part of the ambient pressure ac susceptibility
into a liquid helium dewar for cooling. Fluorinert FCT3M)  Xac- Although we did not attempt to extract the supercon-
was used as a pressure-transmitting medium. The temperQUCt'ng volume fra.ct|on from the ac measurements, we could
ture was measured using eithek-&ype thermocouple inside Show that the relative temperature dependenog,pfs com-

the Teflon-pressure cell or, below 50 K, by a germaniumpParable to that ofqc. The results ob_talned by thg ac method
thermometer mounted in the beryllium-copper clamp close tdor L&,CuQ; . 5 reproduced our earlier dc daté single su-

the sample position. The pressure was measimesitu at ~ Perconducting transitioniT;~30 K) observed for low dop-
about 7 K by monitoring theT, shift of a high-purity ~ing (6<<0.05) turns into a two-step transitiof {s at about
(99.9999 % lead manometer. A second series of experimentd> and 30 K) upon increasing This effect was interpreted
was conducted measuring the same samples in a He-g8§ @ doping-induced electronic phase separation of two in-
pressure cellf<1.2 GPa, Unipregsnserted into a variable trinsic superconducting states. At 0.082(corresponding to
temperature cryostatCRYO-Industries of America Gas the hole concentration,=0.125=1/8) the superconducting
pressure was transmitted from a 1.5-GPa gas compress¥@lume fraction of the 30-K phase is greatly diminished but
(U11, Unipressthrough a beryllium-copper capillagD 0.3 that of the 15-K phase is not chang@&drhis results in a fast
mm). Pressure can be changed at any temperature above tHEop of the onset— for superconductivity from about 30 to
freezing temperature of the helium pressure medium. In parlS K at this special hole concentration in analogy to the so
ticular, pressure was changed at low temperature where tialled 1/8 anomaly in the La,(Sr,Ba)CuQ, system. The
interstitial oxygen is immobile. The temperature was con-pPhase diagram and some typical ac susceptibility curves are
trolled by preheated He gas in the cryostat, and measured Isghematically shown in Fig. 1 as a function of. Also

a thermocouple inside the pressure cell as well as by twshown in the bottom half of the figure are the same data for
thermometers attached to the top and bottom of the celthe Sr codoped system, L&sSi 016U, 5. The qualita-
Special care has been taken to avoid freezing of the heliurfive features of both systems are very similar. In particular,
in the capillary before it solidifies in the pressure cell. Thethe transition from the on&; to the twoT, regime in the
pressure was measured using two manometers. A mangarfilegram and the 1/8 anomaly occuss at the same hole con-
gauge indicated the pressure at room temperature in the highentrationny, but at differents. Note thatn, here is the
pressure chamber of the gas compressor. A se(serdicon- ~ “nominal” “total” carrier density determined by the equa-
ductop manometer was mounted close to the sample insidgon in Sec. |. Theses results reconfirm that our samples are
the pressure cell. As long as the helium in the system isndeed close to equilibrium, and that single- and doule-
liquid, both manometers yield identical readings, as exdehaviors are “intrinsic” properties of doped holes. In the
pected. However, if the helium solidifies in the pressure celvery low doping region i§,<<0.06) there is a major differ-
(this happens, e.g. at 38.7 K fpr=0.5 GPaor at61 K for ence between the two sets of samples. There is a single
p=1.01 GPay® the in situ semiconductor gauge is ex- =15 K in LayggsSly01:CUO, 5, Whereas theT. of
tremely valuable to detect the pressure drop during freezinfa,CuQy, s remains at 30 K even for the smallest This

and any possible blockage of the capillary. We have foundhange ofT, is explained by the attraction of charge carriers
that even in the solid state of the pressure medium the inteto the “frozen” Sr ions. Because of the random distribution
nal gauge still yields reliable pressure readings following theof the cation dopants the formation of thg=30 K phase is
known isochore of the helium solf§.Data were taken dur- inhibited. The Coulomb attraction between holes and Sr ions
ing cooling and heating through the superconducting transiresults in a more homogeneous distribution of carriers with a
tions. The cooling speed between room temperature anidwer local hole density, and the intrinsig=15 K phase is
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FIG. 1. Phase diagram of La,Sr,CuQ,, 5. Typical examples of the real part gf. are shown, and the arrows indicate the hole density
in the diagram. The shaded area separates the two regions where one and two superconducting transitions are observed.

stabilized instead. In the following sections we discuss thebserved only near the 1/8 anomaly in the La-214 system,
pressure effects on the superconducting transitions iwhere the ambient pressufe is very low?° This huge pres-
La,_,Sr,CuQy, s for various doping levels for the two char- sure coefficient is obviously a consequence of the high mo-
acteristic regimes in the phase diagrdfiig. 1) and for  hility of the interstitial oxygen dopants. In the underdoped
samples with carrier density,~0.085 located right at the region, pressure is known to increase the transition tempera-
transition boundarythe shaded area in Fig).1 ture of highT, superconductors, even in systems without
mobile oxygen such as La,(Sr,Ba)O,. For multilayer
B. Effect of high pressure on the superconducting transition: ~ compounds this effect was frequently attributed to a pressure
pressure applied at room temperature induced increase of the average hole density in the Cu-O

The ac susceptibility data for two typical samples with planes du_e to a charge transf_er from a charge reservoir block
n,~0.068 in the singleT,.=30 K regime are displayed for to the active layer. However, in the structure of La-214 there
different pressures in Figs.(&8) (La,CuQ,o) and 2B) is no charge reservoir, and the average hpl_g concentrgyon
(Lay 05T 016CUO; op) - The diamagnetic signal of,,. shifts does not change_V\_/lth pressure. One pOSSIbIlIty to stabilize
to higher temperature, and allows for an accurate determindl® Superconductivity and to increa$g is a phase separa-
tion of the pressure coefficient @, defined as the onset of tion into hole-rich and hole-poor phases. At ambient condi-
the diamagnetic drop. The pressure effectygn(T) is re-  tions, this phase separation inJGuGQ,. ; results in phases
versible upon increasing and decreasing pressure, and repiyith low and high oxygen contents and different lattice
ducible in several pressure cycles. The pressure dependendégictures for low dopingd<0.05), and in the coexistence

of T, for both samples(open circles and also for of two superconducting phased &15 and 30 K) for

Lay 9g:Sh.016CUO, , 5 at higher oxygen dopings§=0.040  higher doping levels §>0.05)? Under pressure the higher
(triangles and §=0.061(squarey are shown in Fig. 3. The T.=30 K state is favored and, with the support of the mo-
increase off ;(p) is nonlinear for small pressure but linear at bile oxygen ionsT. may increase up to a rate of 10 K/GPa.
larger pressure. The pressure coefficiéntthe linear high- In contrast, in the cation-doped system,, LA Sr,Ba),0,,
pressure rangeis unusually large, 9—-10 K/GPa. This is the random distribution of the immobile dopants prevents the
about 3—4 times larger than tldd . /d p of the cation-doped hole system from phase separation due to a pinning of holes
La,_,(Sr,Ba)0,,%° and appears to be the largest pressurelose to the randomly distributed dopant sites. This explains
coefficient observed in a La-214 high-superconductor. An the far lower pressure effect oR, in that system. For the
anomalous largel T./dp (up to 6 K/GPa was previously oxygen-doped as well as the oxygen-Sr codoped La-214 cu-
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FIG. 4. Pressure effect on the real part of the ac susceptibility of
a, ,SrL,CuQ, s in the two-transition region r(,>0.085). (A)
La,CuQy og. (B) Lay gg551p,015CUO, g61- The dotted curves show the
ambient pressure data.

FIG. 2. Pressure effect on the real part of the ac susceptibility 0[
La,_,SrCuQ,, s in the one transition regionn(<<0.085). (A)
La,CuQy p4. (B) Lay 955515 015CUO, o27- The dotted curves show the
ambient pressure data.

19 ;
prate, the pressure induces a redistribution of the strongl’?;‘sazc%o?ﬁ' and_may be due to the same underlying
icroscopic mechanisms.

correlated interstitial oxygen and hole system. This results i X ] .
a stabilization of the superconducting phase and the larg Indthte high hole dgns;pyr(h?0.0E_4) regl_rpﬁe_wlhsere v(;/e
dT./dp observed in our experiments. Similar effects have ound two superconducting transitions with, = an

been reported in high-pressure experiments on underdopéﬁ) K coexisting at amb'e”t Pressure, the effe_ct of pressure
on the two transitions is of particular interest. Figure 4 shows

the temperature dependence of the ac susceptibility at differ-

* _ “ ent pressures for two typical samples with~0.115,

w2l °7° or 8% La,Cu0; 108, and La ggsS1o 01CUO, 061 The typical two-

9.9 K/GPa - sl 9 K/GPa AEEO step characteristics of..(T) is preserved under pressure,
wl ol o’ but the critical temperatures for both transitions are pushed
S into opposite direction, i.e.T&? increases and’{*® de-

38 - ° s4r . 58° creases with pressure. Note ttTeﬁ’O) is defined as the onset
<€ J 2| LS of the diamagnetic drop of ,o(T), and T(*® is determined
R ol %q%o from the bending of the susceptibility curve as shown in the

wl $ e N lower right graph of Fig. 1(dotted line$. Thereby, under

o BF ag " high pressurd* has the same pressure coefficient as that
wl wl of §<0.05 samplegsee, e.g., Fig. B)] suggesting that it is
L wacwo,,| .07 ® La 8. GuO,, the same superconducting stat@{!*/dp is negative and of
e ! ! L ! L L L the order of —4 K/GPa. We conclude that pressure en-
00 08 10 s 200 0008 10 A4S 20 hances the electronic phase separation between the two su-
p (GPa) p (GPa)

perconducting phases because of a redistribution of charges
FIG. 3. Pressure dependenceTof (defined as the onset of the and dopants in the coupled hole-oxygen system. The 30-K
diamagnetic dropfor the data of Fig. Zcircles. Also shown inB) ~ Phase becomes more stabilized at the expense of the 15-K
are data for higher dopings=0.04 (triangles and 6=0.061  state. The pressure-induced changes to the hole distribution
(squares The pressure coefficients given in the figure refer to themay result in a change of the superconducting volume frac-
linear high-pressure part df.(p). tions of both phases, but also in a change of the hole density
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of each superconducting phase. The superconducting volume 1.00 F
fraction cannot be extracted from ac susceptibility measure-
ments, but it would be accessible by measuring the dc sus-
ceptibility (Meissner effegtunder high pressure. However, a ol
sole change of the volume fractions of bds and 30 K)
phases should not affect the transition temperatures. There-
fore, it appears more likely that pressure changes the local
hole density of the two phases, for example, by increasing
the hole concentration of the 30-K phase and reducing the 090}
hole density of the 15-K phase. This might explain the
change of bothT's; however, the current experiments can- 0885 10 20 % 20 50
not provide information about the local hole concentrations.
We also cannot exclude the possibility that the 15-K phase
might be overdoped resulting in a negative pressure coeffi-
cient of T;, as known for many high-. compounds. How-
ever, the cation-doped La-214 system was shown to exhibit a
positive dT./dp even for doping levels well above the
optimum?®* As we will see in Sec. Ill C, the rearrangement
of charges is suppressed by freezing the interstitial oxygen
ions in their ambient pressure positions.

The pressure effect in the transition regishaded area in
Fig. 1) located atn,~0.085 is of special interest. The ambi-
ent pressure susceptibility at this special hole density shows
one single transition af ,~30 K (dashed lines in Fig.)5
However, Fig. 5 shows that under hydrostatic pressure this
transition splits in two, indicating that the electronic phase
separation can be induced by pressure. The relevant param-
eter for this effect is the hole density,. Figures %A) and
5(B) compare two data sets for j@uQ,,s; and
Lay 9gsShp 01:CUO, , 5 at almost the same,,~0.083, but dif-
ferent oxygen contents. The pressure-induced phase separa-
tion into 15- and 30-K superconducting phases is obvious in
both the oxygen doped and the Sr-oxygen codoped samples.
However, if both compounds are compared at the séinet
slightly different hole densitjFigs. 5A) and 5C)], the pres-
sure effect on the superconducting transition is qualitatively
different. The splitting into two transitions is induced by
pressure in LaggsShy g16CUOy g4 but not in LaCuQy 4. This
result indicates that the separation into twg's is hole
driven. If those twoT.’s were due to two distinct chemical FIG. 5. Comparison of the pressure effect on the superconduct-
phases, then we would expect to observe theTw®behav- ing transitions in La_,SrCuQ,, ; near the special hole density
iors in samples with the same oxygen content, e.g., imh=0.085.(A) and (B) show that samples with different oxygen
La,CuQ, o4. The small increase in the hole density due to thecontents,s but the same hole density bghave very similgrly under
codoping with Sr triggers an interesting pressure effect apressure(A) and(C) compare samples with the saméut slightly
this special carrier density. This observation, coupled Withd'ﬁeremn“‘
the fact that all samples are close to thermal equilibrium and
behave similarly at the same carrier density, leads us to theistribution in the Cu-O planes is affected by the dopants,
conclusion that the hole density dictates the superconductingnd electronic phase separation into hole-rich and hole-poor
properties of La_,Sr,CuQ,, 5, and indeed the two charac- phases is inhibited.
teristic regimes are separated by a critical hole density The pressure effects on the 15-K transition in
~(.085. The observed phase separations at ambient and higj, ¢g=5ry 01:CUO, . s (for §<0.024 or ny<0.06) collabo-
pressures are driven by the system of holes, and are facilrates with our picture. From the former discussion it could be
tated by the rearrangement of the mobile interstitial oxygerexpected that pressure induces the phase separation into the
ions. It should be noted that all these effects cannot be okhole-rich (30 K) and hole-poor(nonsuperconducting
served in cation-doped La,(Sr,Ba),CuQ, because of the phases. In fact, the ac susceptibility data of
random distribution of the immobile dopant ions. Due to theLay gg551y 01£CUO, oo Shown in Fig. 6 for pressures up to
Coulomb interaction between holes and dopant ions the holé.74 GPa indicate that pressure rapidly increasesTthe

3 =0.04
o8t n, =0.081

0.94 -

ac

0.92 -

ac
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rich 30-K phase observed at the same hole density in
La,CuQ,, 5. The sudden appearance of this=30 K state
instead of a continuous increase ®f from 15 to 30 K
clearly demonstrates that there were two distinct intrinsic
T.'s in this system. With a further increase of pressure this
phase grows[the shoulder extends to a major peak in
dx,./dT; see the bottom part of Fig(B)], and becomes the
major superconducting phase in the sample. There is a nar-
row pressure rangee0.9 GPa) where both phases coexist
and thedy,./dT curve exhibits two separated maxima.
Since we have seen that the 30-K transition is favored under
pressure, mobile oxygen dopants now facilitate a phase sepa-
ration into hole-rich and hole-poor phases similar to the
La,CuGy, s system. This interesting pressure effect has been
observed in LaggsSt 91:CUQ,, s for several samples with
6<0.024. To prove the conclusion of this section and to
collect additional evidence for the role of interstitial oxygen,
we investigate the pressure effects while oxygen ions are
immobile.

C. High-pressure effect on the superconducting transition:
pressure changed at low temperature

The mobility of the interstitial oxygen is greatly reduced
and the ions are literally frozen in their positions if the tem-
perature is reduced to below 100 K. Changing pressure at
low temperature will allow us to separate the pressure effect
on the electronic state from the effect of electronic phase
separation facilitated by mobile oxygen ions. The low-
temperature pressure change can be achieved by employing a
helium gas-pressure cell connected to a gas compressor. For
several typical LgCuQ,. s and La gg55Ih01:CUO 5,
samples the pressure effedtst T<100 K) were investi-
gated using three basic procedures:

(i) Pressure upto 1 GPa was applied at room temperature
and released in several steps at low temperature. ac suscep-
tibility measurements through the superconducting transition
were conducted at each pressure step below 100 K.

(i) Following the release of pressure below 100 K ac-
cording to proceduréi), the samples were reheated to room
temperature so that the mobile oxygen could rearrange.
Samples were cooled agaifwithout changing pressure
through the superconducting transition. The comparison of

FIG. 6. Pressure effect on the superconducting transition inpe o measurements shows the sole effect of interstitial

Lay 95555 01:CUO, o2. (A) Real part of the ac susceptibility. The o
30-K superconducting state grows under pressure at the expense o)f(
the ambient pressure 15-K stat®) The derivativedy,./dT re-

vealing the details of the transition from tiig=15 K state to the

T.=30 K state.

ygen redistribution off .

(iii) Samples were cooled to low temperature at ambient
pressure. Pressure was increased below 100 K, and the ac
susceptibility was measured for each pressure.

The pressure shift of % is shown in Fig. 7 for a typical

from 15 K to above 30 K. The details of this transition are sample in the low hole density region, L@sS15 01:5CUO, g7
clearly seen in the derivativaly,./dT, displayed in Fig. (n,=0.064). The pressure in this experiment was raised to
6(B). At ambient pressuréashed curve in Fig.)&y,./dT 1 GPa at room temperature and released at Towuring
exhibits a single maximum close to 15 K as an indication ofcooling the pressure drops to about 0.92 GPa at the freezing
the diamagnetic drop of,.. This maximum is shifted to temperature of the helium pressure mediufp=55 K. A
higher temperature with increasing pressiop part of Fig.  further pressure decrease to 0.82 GPa at 35 K is due to the
6(B)]. Above 0.6 GPa a shoulder appears in the temperatureolume reduction and the isochoric change of state of the
dependence ofly,./dT at about 30 K. This shoulder cor- solid helium. T;(0.82 GPa) coincides with the previous
responds to a small diamagnetic signalyig. [Fig. 6(A)],  measurement§Fig. 2B)], and decreases with decreasing
and is interpreted as the pressure induced growth of the holgressure at a rate of 2.8 K/GPa. This rate is less than 1/3 of
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FIG. 7. Low-temperature pressure effect onThe=30 K phase FIG. 8. Low-temperature pressure effect on the superconducting

of Lay g5l 014CUO, 0p7. 1 GPa pressure was applied at room tem-state in the twoF, region, L ggs50y 01£CUO, g6;. A 0.8-GPa pres-
perature(curve 1 and released to zergurve 3 below 100 K. The  sure was applied at room temperature, and the pressure was varied
inset shows a further decreaseTofby 2.2 K after the sample was between 0.93 GPa and zero below 100 K. The inset shows the
reheated to room temperatuisolid curve. change of the real part of,o(T) after the sample was reheated to

. . . room temperaturésolid curve.
that estimated in Sec. Il B for the same samgtey. 3B)].

After heating the sample to room temperature and cooling. =~ ) 30)
again, T, is further reduced by 2.2 Kinset of Fig. 7. This  distinguished; however, pressure mainly affectz™,
additional change oF . is a pure effect of oxygen redistribu- WhereasT("> remains almost unchanged. The pressure coef-
tion since pressure was not changed. This shows that tHigient dT3%dp=2.7 K/GPa is of the same value as that
hole-oxygen system was frozen in a metastable state after tHer the single transition compound$or n,<0.085). After
release of pressure at low temperature, and could only relaxeating at 0.01 GPa to room temperature the superconduct-
toward thermal equilibrium after the temperature was raisedhg properties of the sample changed and, in particaigr)
high enough to allow the oxygen diffusion. Repeating theincreased by about 3.5 K, restoring the original ambient
measurement according to proceduii¢) the increase of pressure curveg,(T). Very similar data have been obtained
pressure fromp=0 at low temperature results in a similar for oxygen-doped samples with,>0.085, e.g., La&CuQ, os.
shift of T at the rate of about 3 K/GPa, in good agreementThe freezing of the oxygen ions at low temperature prevents
with the value of 2.8 K/GPa mentioned above. We con-the pressure-induced enhancement of electronic phase sepa-
ducted the same series of gas-pressure experiments with thgtion as observed in the experiments described Sec. I B.
oxygen-doped LgCuQ, o, (N,=0.071), and found very Thermodynamically, the system behaves more like
similar results. Again, the observed pressure coefficient of a,_,(Sr,Ba),CuQ, under pressure. The major difference is
dT./dp~2.7 K/GPa was strongly reduced with respect tothe  inhomogeneous  hole-oxygen distribution in
the value of 9.9 K/GPa found in Sec. Il B for this sample La,_,Sr,CuQ,, ; we start with at ambient conditions. The
[also see Fig. @\)]. It is interesting to note that the reduced degree of phase separation already present at ambient
dT./dp is comparable to the pressure coefficient of thefrozen and preserved at low temperature and cannot be
cation-doped La ,Ba,CuO, (2-3 K/GPa) and slightly changed by pressure.
larger thandT./dp for La,_,Sr,CuQ, (=1.5 K/GPa) for Forn,~0.085(shaded area in Fig,) lve have shown that
the doping region not too close to the 1/8 anonfaf?  pressure applied at room temperature facilitates oxygen dif-
Therefore, we conclude that this pressure coefficient ofusion, and induces the electronic phase separation. How-
dT./dp~2.7 K/GPa should be considered as the pressurever, if oxygen is frozen at low and pressure is changed
effect of theTff’O’ transition under the “hard doping,” either below 100 K, we expect that the initifloom temperatune
Sr or frozen oxygen, condition. state is preserved. Figure 9 shows the pressure effect on
For the higher doping regionn(,>0.085) we choose a xac(T) for La,CuQ, gs5 (Ny=0.09). In the first experiment
representative sample, LgSrp 01:CUO, gg1. Our clamp-cell  low pressure (0.1 GPa) was applied at room temperature
data[Sec. Il B, Fig. 4B)] indicate that pressure enhancesand the sample was cooled to I dotted curve 1 in Fig.
the phase separation. This effect cannot be observed if pre8¢A)]. Then pressure was increas@gelow 100 K to about
sure is changed at low temperature. Figure 8 shows the ten®-5 GPdsolid curve 2 in Fig. 8A)]. The susceptibility curve
perature dependence gf at different pressures applied ac- shifts in parallel to higher temperature at a rate of
cording to the following procedure: Pressure was increased.9 K/GPa. No broadening or splitting of the transition is
at room temperature to 0.8 GPa. After cooling to low tem-observed. In the second experiment we applied 0.8 GPa at
perature pressure was varied below 100 K between 0.93 arré¢om temperature. The superconducting transition broadens
0.01 GPa. The two superconducting transitions are clearljdotted curve, Fig. @)] and indicates the tendency to split-
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FIG. 10. Low-temperature pressure effects on the superconduct-
& ing phases in LaggsSty 91CUO, 923 (NR,=0.06). A pressure of 1.1
3 0.98 GPa was applied at room temperatioeirve 1, and completely
:8 released at lowTl (curve 3. The pressure induced =30 K
= phase as indicated by the shoulder near 30 K in the derivative
':o (insed, preserved at zero pressure. Reheating to room temperature
= 0.96 allows the oxygen to redistribute and the 30 K phase again disap-
pears(curve 3.
pressure decrease at low T
| | |

10). Although the pressure is not high enough to show the
larger effect as in Fig. 6, the data are in good agreement with
T(K) the clamp cell experiments at the same pressure. After releas-
ing pressure completelicurve 2 in Fig. 10 the 30-K phase

ac susceptibility of LaCuQ, gs5 (N,=0.09). (A) Pressure was in- %rt]lél z;rrr\w/gllgSt:tr:c?guttetrzzeizrtnﬁsgu3m.Fi(3nl{@a\fvtielzlr tﬂgatlng
creased from 0.1 GP@urve 1 to 0.5 GPa(curve 2 at low tem- ' ’ )

perature(B) Pressure of 0.8 GPa was applied at room temperaturé)xygen.IOnS and the_ holes rearrange and the_ 30-K phase
(curve 1 and released to 0.1 GPa at low(durve 3. The broaden- a_galn disappears. Th'?’ effect can only be exp_lalned_ _by con-
ing and splitting into two transitions is preserved after a release ofidering the pressure induced change of the interstitial oxy-
pressure. Reheating to room temperature initiates the oxygen diffde€n distribution. High pressure stabilizes the hole-oxygen-

sion, and the original 0.1-GPa state is recovefearve 3, to be fich phase with a higher (30 KJ.. After cooling to b?|0W
compared with curve 1 iGA)]. 100 K, and pressure release, the clustered oxygen ions can-

not relax to their zero-pressure thermal equilibrium distribu-
ting into two transitions due to the phase separation as seafon. Pinning the holes to the?0-rich regions the amount of
in the previous sectiofFigs. §A) and §B)]. The release of the 30-K phase is preserved. However, this state is not in
pressure at lowl to 0.1 GPa does not change the width or global thermal equilibrium. Raising the temperature to ambi-
the shape of the diamagnetic susceptibility sigiairve 2,  ent the diffusion of oxygen is initiated, and the hole-oxygen
Fig. 9B)]. The phase separation induced by pressure at higbystem relaxes closer to equilibrium. Now the hole system is
temperature is preserved. Howevel, shifts by about affected by the randomly distributed and fixed Sr ions and
2-3 K. Heating the sample at 0.1 GPa to room temperaturghe 15-K state dominates the superconducting properties.
recovers the originalone-transition state [curve 3, Fig.

10 20 30 40

FIG. 9. Low-temperature pressure effects on the real part of th

9(B), which is comparable with curve 1, Fig(A)] due to IV. SUMMARY AND CONCLUSIONS
the rearrangement of the interstitial oxygen and hole system '
toward thermal equilibrium. The pressure effect on the superconducting transitions of

In Sec. Il B we showed that in LagsSry 01:CUO, goohigh  electrochemically doped La,Sr,CuQ,, s was investigated
pressurdapplied at room temperatyrsnduced the 30-K su- for x=0, and 0.015 with various’’s. We show a strong
perconducting state at the expense of the 15-K phase. Teorrelation between the hole carriers and the dopants. Cation
show that this effect is also related to the rearrangement aind oxygen dopings are characteristically different. Hard
the interstitial oxygen we measured the pressure effect usindoping using strontium creates a correlated dopant-hole state
the He gas pressure apparatus. The experiment starts widmd inhibits the macroscopic phase separation. Soft doping
applying high pressure of 1.1 GPa at ambient temperaturaising mobile interstitial oxygen, however, facilitates the ten-
The ac susceptibility clearly shows the emerging 30-K phaselency to phase separation into hole-rich and hole-poor
at low temperature, as indicated by the shoulder in the dephases. Accordingly, La,Sr,CuQ,, s shows a rich phase
rivative,dy,./dT, close to 30 K(curve 1, dotted line in Fig. diagram as function of doping. In particular, two character-
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istic regimes can be distinguished. One superconductin®r cations, which may explain the reduced pressure effect on
transition (T,~30 K) is observed in the low doping regime, the electronic hole system.
but two successive transitions at about 15 and 30 K appear It is interesting to note that the crossover from the
in the higher doping regime. For the two different sets ofsingle to double transition region in the phase diagram as
samples withx=0 and 0.015 the two regimes are separatedvell as the pressure effects discussed above appear at the
by a critical hole density, n,~0.085. Sr codoped same hole density for both systems, ,Ca0O,,; and
Lay 93:S1h 016CUO, . s shows a correlated superconducting Lay 9g5515.015CUO, + 5, considered in this investigation. This
phase at a low hole densityn(<0.06) with a lowerT, implies that the “total” hole density is the relevant parameter
~15 K due to the hole pinning effect of the Sr ions. determining the nature of the superconducting states as well
Pressure applied at room temperature increases the 304&S the pressure effects on it. For higher strontium contents,
transition temperatuﬁéfo) at an unusually high rate of 9-10 however, the effects of the Coulomb interaction with the Sr
K/GPa. In addition, the tendency toward electronic phaséons have to be taken into account. The results obtained at
separation is strongly enhanced by pressure as indicated [nbient and high pressures provide strong evidence of the
the large positivej-rgo)/dp and a negative pressure coeffi- importance of the interaction of holes and dopants in high-
cient of the 15-K transition temperatufé' . It was shown temperature supercondgctors. Soft dopants, like ir.1t.erstitial
that, for the special hole density,~0.085, pressure induces ©XY9€n in La-214 or chain oxygen in YBCO, may facilitate a
the phase separation into two superconducting phases f§f1as€ separation into hole-rich and hole-poor phases. Ther-
both strontium content=0 and 0.015. The data are inter- Modynamically, soft dopants and hOIGS. should be considered
preted as a cooperative effect of pressure on the electronft® ON€ glopal .correlate_d system relaxing towards thermody-
state, facilitating phase separation and the rearrangement BRMIC equilibrium at high enough temperatures. Hard dop-

the interstitial oxygen which enhances the original pressur@NtS: however, cause a pinning of holes and prevent the elec-

effect. We conclude that the electronic state of carefully an{fonic system from phase separating into phases with

nealed oxygen-intercalated La-214 is closer to thermal eqw(_jlfferentf_hole denSIt;]e_Is. | ic oh S
librium due to the missing frustration of immobile dopant AS @final note, while electronic phase separation in a very
ions. low doping regime can be understood in terms of the picutre

,16 :
The latter conclusion is further supported by a series oPf Emery and co-workerS;'® the phase separations we ob-

experiments where pressure was varied at low temperaturs"ved at such high doping levels are especially peculiar be-

(below 100 K), inhibiting any oxygen diffusion. The pres- cause the systfam is electronlcally. p_hase separa}ted into two

sure coefficients ofT, appeared to be much smaller dictinct T;'s. This suggests that a distinct electronic structure
Cc

(<3 KIGPa) and comparable to the cation-dopedeXiStS for each differenif ., and begins to form at a tempera-

La, (Sr,Ba)Cu0, indicating that the lowedT./dp is an ture above 200 K.
effect of charge pinning. It was also shown that pressure, if
changed at low temperature, neither enhanced the tendency
of phase separation observed fog>0.085 nor induced
phase separation at the special hole concentratiomof This work was supported by the State of Texas through
~0.085. We suppose that the immobile interstitial oxygen athe Texas Center for Superconductivity of the University of
low temperature act similarly as tHeandomly distributed  Houston.
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