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NMR evidence for common superconducting and pseudogap phase diagrams
of YBa,Cuz0,_sand La,_,Sr,CaCu,Oq
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We report ac susceptibility and’O nuclear-magnetic-resonan¢®MR) measurements on the double-
CuOy-layer Lg_,Sr,CaCyOg high-temperature superconducting cuprdtd SC) with a T nax Of 60 K. A
comparison is made with’y NMR measurements on YB&u3;O,_ 5, which has a higheT . max0f 93 K and
Y o.8Cag Ba,Cuz0-_ 5 with a slightly lowerT .0f 87 K. We find that the hole concentration dependence of
the normal-state gap and ©f both scale withT . ,..«, implying a universal scaled phase diagram for these two
superconductors, and, by implication, for the wider class of HTSC. This suggests that the normal-state gap and
the pairing mechanism may have a common origB0163-18206)51434-7

A variety of theories exist to explain superconductivity with 8 NMR measurements on ¥4Cay,Ba,CuzO;_;
and the pairing mechanism in high-temperature superconwith a T max Of 87 K, YBa,Cu,Og, YBa,CuzO;_; with a
ducting cuprate$;® but there is no clear consensus as tOT, 2 Of 93 K, and Y,Ba,Cu;015_ s With a T¢ yax Of 95 K.
which theory is appropriate. Recent SQlﬁIBnd Ramah  Each of these superconducting cuprates has two supercon-
measurements have shown strong evidencedfarave su-  q,cting Cug, planes per repeat unit and hence effects that
perconductivity. Any theory will need to explain the origin may be attributed to a different number of Cu@lanes are
of the gap, described here as the normal-state gap, observg sent. For example, NMR spectra for Yf&u,0 and

. y 3VY'7-6

. 8 e ihilin A0 fativsity 11
in NMR,” specific heat, susceptibility” resistivity,” and La,_,Sr,CuO, have been interpreted in terms of antiferro-

thermopowel? measurements, that is strongly correlated X .
with hole concentration, decreasing to zero at a hole concerfragnetic interplanar coupling for YB&u30,- ; and SDW

tration of aboutp=0.19. Recent specific heat and suscepti-°'dering _prevented by low spatial dimensionality for
bility measurements by Loraret al® have shown that the L82-xSKhCuQ, (Ref. 179. The La_,Sr,CaCu,0s,
normal-state gap can be described conveniently by a gap HBa&CWOs YBa;CuzO7_s, Y dCa BaCuz07_5, and

the total density of statg©0S), where both the specific heat Y 2Ba4Cu70;5- 5 superconductors have the advantage that
and susceptibility data can be modeled by a weakly interactgood quality samples can be produced on the underdoped
ing Fermi liquid approach. In the underdoped region the corside. Most single Cu@layer samples have the disadvantage
relations associated with the normal-state gap clearly comin that oxygen defects are known to occur on the GuO
pete with superconductivity and account for the shape of theland® leading to broad NMR resonancEsAlso for the
phase curveT.(p) in that region* In the presence of the single CuG layer La,_,Sr,CuO, superconductor, a struc-
normal-state gap botfi, and the condensation energy aretural phase transition occurs at an underdoped hole concen-
strongly depressed because of the decrease in the numbertedtion of p=0.125(Ref. 20 and phase separation can occur
states available to create pairsin the overdoped region in overdoped sampléd.Other single Cu@ layered samples
there is evidence that excitations above the normal-state gagre difficult to underdope and underdoping invariably leads
may be responsible for pair breaking, which again depresto  broad  superconducting transitions. For the
T, and the superfluid density. The p dependence &y thus  BiSnCa,—1Cu,04.4 2, SUPerconductors, an incommensurate
appears to be linked closely to the overaltependence of structural modulation is known to occtfrwhile cation dis-

T4 order is present in the 7}Ba,Ca,_,Cu,0,,,, and
The dependence of, on hole concentration follows a TIBa,Ca,_1Cu,Os3, 2y superconductors’ Triple CuO, lay-
universal scaled function approximated by ered superconductors have the disadvantage that the outer

Te=Temal1—82.6(0—0.16] indicating an underlying CuO, layers have a different hole concentration from the
mechanism, which is common to all superconductinginner CuQ, layer?*%> We will show that the data for the
cuprate®® and for which the only variation, which occurs double layer compounds investigated here are consistent
amongst the different cuprates appears to lie in the energwith ap dependence of the normal-state gap that scales with
scale of the superconducting gap. It is, therefore, important; max iImplying a universal phase diagram for these com-
that the normal-state gap be investigated in superconductopounds.
with different maximunil; values to ascertain if the normal- La, ,Sr,CaCu,0O¢ ceramic samples witk=0.08, 0.12,
state gap also is a universal scaled functiorp of 0.16, and 0.22 were prepared by decomposing in a gold cru-
In this paper we report’O NMR measurements on cible a stoichiometric mix of LgO3, SINO3) 5, CANO;),,
La,_,Sr,CaCyOs with a T max 0f 60 K and compare them and CuO powders fal h in air at 700 °C. Theamples were
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FIG. 1. Plot of ac susceptibility against temperature for FIG. 2. Plot of T./T¢ na against hole concentration for
La,_,Sr,CaCyOg superconductors with Sr fractions indicated.  Y1-xCaBaCu0s YBa,CuzO;7_5, Yi ,CaBa,CuzO; (filled
circles (Ref. 30, and Lg_,Sr,CaCu,Og (filled up triangle$. The
solid curve isT¢/T¢ max = [1—82.6(p—0.16¢] (Ref. 18. Also
included is E4/kgT, max plotted against hole concentration for

Ba,Cu;0;_s5, YBa,Cu,Og, and Y,Ba,Cu,;0,5_s; determined

initially reacted for 24 h at 925 °C in ©at a pressure of 1

bar. This was followed by further reactions at ap @essure

of 60 bar and temperatures of 900, 1010, 1030, an :

1050 °C for 48 h Thpe samples were reground after eac rom *%Y NMR data(open circles (Refs. 12,33 YBa;CugO; 5 as
. o . P etermined from specific heat measuremedoigen squargs(Ref.

reaction. The final reaction was followed by a 72 h anneal a 2, Y 0.4Ca Ba,Cu;0-_ 5 determined fromP%Y NMR data (open

350 °C in an Q pressure of 60 bar in order to, as much 8Sgiamonds, and the La_,Sr,.CaC,0g determined from” "0 NMR

possible, eliminate oxygen vacancies. Under these condjia(open down trianglés The dashed line is a guide to the eye.
tions, it was not possible to produce samples with0.22

for which higher oxygen partial pressures are requifed. x=0.08 sample is not superconducting. The quality of the
XRD analysis indicated that the samples were single phasesamples can be seen by the narrow superconducting transi-

Y 9.sCay Ba,Cuz;0,_; samples were prepared by ini- tions widths, T (onsej— T (mid) = 2.2, 1.6, and 1.2 K, re-
tially decomposing a stoichiometric mix of 03,  spectively, for thex=0.12, 0.16, and 0.22 samples. By com-
CaNOy),, BaNO3) ,, and CuO powders in a gold crucible parison, superconducting transition widths of 12—-20 K are
at 700 °C in air. This was followed by further reactions in air often reported for this superconductb”’ We show in Fig.
at 900 °C for 6 h, and 915, 930, 940, and 950 °C for 24 h2, whereT./T. naxis plotted againsp=x/2, that the univer-
The samples were reground after each reaction. The sampleal  scaling relation approximated by T./T¢ max
were annealed in nitrogen-oxygen gases at a variety of oxy=[1—82.6(p—0.16¥] is also valid for this
gen partial pressures and temperatures to achieve a rangeufperconductol® Also included in Fig. 2 iST¢/T¢ may for
T, values. XRD analysis showed that the samples were/Ba,Cu;0,_4 and Y;_,CaBa,CuzO4 (Ref. 28. In the
single phase. There was no evidence of the@Cuw;0g  case of ¥,_,CaBaCu0q (i.e., with § = 1) the values
and BaCuQ defect phases, which are known to occur whenT /T, ., are plotted against/2 indicating that each Ca con-
there is partial Ca substitution for Ba instead of Y. tributed 0.5 holes per CuQplane.

The La,_,Sr,CaCu,04 samples weré’O exchanged by Typical room-temperature La ,Sr,CaCu,O4 'O NMR
annealing in 10%0 enriched Q. The annealing tempera- spectra are presented in Fig. 3 for= 0.08, where the delay
tures were 700 °C for 10 h followed by 350 °C for 24 h. Thewas 4 s[Fig. 3(@)] or 50 ms[Fig. 3(b)]. We show that the
1’0 NMR spectra were measured between 10 K and roongpectra can be modeled by three Gaussians centered on 437,
temperature using a Bruker MSL 360 spectrometer and a126, and 1123 ppm and labeled 1, 2, and 3, where the fitted
8.45 T superconducting magnet. The 98180° spin-echo FWHM'’'s were 150, 330, and 1600 ppm. By comparison
technique was used to acquire th® NMR data with delays  with previous O measurements on frLCa,_;Cu,04. on
of 100 ms to 4 s. The spectra were referenced jOHVari-  (Ref. 29 and Tl,Ba,Ca,_;,Cu,0,.,, (Ref. 25 we attribute
able temperature magic angle spinnifity NMR measure- peak 1 to oxygen atoms that are in an insulating environment
ments were made on they4Ca, ,.Ba,Cuz0,_s samples in  and not in the Cu@ plane. This is consistent with peak 1
the temperature range 110—-300 K using a Varian Unity 50thaving a long spin-lattice relation time, where this peak is
spectrometer with a 11.74 T superconducting magnemearly eliminated for the short delay of 50 ms. We attribute
Samples were spun at a frequency~e2.5 kHz to reduce the peak 2, with a FWHM of 330 ppm to oxygen atoms in the
linewidth and the spectra were acquired using the spin-ech@uO, plane. Peak 3 is very broad with a FWHM of 1600
technique with7 set to one rotor period. The NMR shifts ppm, and we attribute it to regions of cation disorder. Similar
were referencedbta 1 maqueous solution of YGI ac sus- broad peaks observed in La,Sr,CuO, and Tl,Ba,CuQ,
ceptibility measurements were made betwdeK and room have been attributed to oxygen and cation disorder and pos-
temperature. sible oxygen vacancies on the Cu@lanes:® We find that,

The La,_,Sr,CaCw,Og4 ac susceptibility data are pre- unlike peak 2, the resonance position of the broad peak is
sented in Fig. 1 fox=0.12, 0.16, and 0.22 with correspond- independent of temperature. Neutron diffraction measure-
ing T, values of 12.7, 31.5, and 47 K, respectively. Thements on La_,Sr,CaCu,Og4 have shown that cation disor-
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1 FIG. 5. Plot of the %Y NMR Knight shift for

. FIG. 3. Plot Of the_ O NMR spectra for Lao;Sro oCaCu,0g Y .8Ca Ba,Cu0,_5, whereT, is 47.5 K (filled down triangles

with pulse repetition times ofa) 4 s and(b) 50 ms. The dashed g5 g i (filled up triangles, 83.2 K (filled circles, and 86 K(filled
curve is the best fit to the data from three separate Gaugsiatisd squares The curves are the best fits to Ed) in the text.

curves.

modeled by a step function gap in the DOS, which fills in
der in the form of intersubstitution of La and Ca is possible.with increasing temperature, leading to a NMR shift of the
Furthermore, partial occupanéyp to 7% of an oxygen site  form,
in between the Cu@planes also is known to occtft.
The La,_,Sr,CaCu,04 'O NMR shift is plotted in Fig. K=Kgsecl(Ey/2kgT) +K;+ 0, )
4(a) for x = 0.08, 4b) for x = 0.16, and 4c) for x = 0.22.
In the ionic model of Mila and Ric8 the 'O NMR shifts in

Fig. 4 can be described byK;,, = 2Cxs + o, whereC is . . .
the transferred hyperfine coupling constant from the 2 near‘—jata in Fig. 4, where we find thay/kg=(170=15K,
yp Ping (157+11)K, and (13&10)K, respectively, forx=0.08,

est Cu atomsys is the spin density of states, amdis the . ~ -
chemical shift. The decrease in the NMR shift as the temQ:16, and 0.22¢, is 0 forx=0.22, 191 ppm fox=0.16, and

perature is reduced below room temperature has been intez+> PPm for 0.08. Similar behavior observed from specific
preted in terms of the opening of a normal-state §apwe  eat measurements on very underdoped YI850;; (Ref.

have shown previously that the YB@us;O, gzart\:sg:sen interpreted in terms of filling in of the normal-
Y,Ba,Cu;,0,5_5, and YBaCu,Og 2% NMR shifts can be P . .

258 Wb15-5 BUDs In Fig. 5 we show Y NMR Knight shift for
Y 0.eC& BaCu0;_ s samples withT, values of 47.5, 65.8,
83.2, and 86.0 K. In the ionic model of Mila and Rif¢he

where E; is the normal-state gap anK, accounts for
filling in of the gap®?Thus we fit Eq.(1) to the 'O NMR

ook total 8% NMR shift is 8K =8D y+ o, whereD is the trans-
ferred hyperfine coupling constant from the eight nearest Cu
—~ 8001 atoms, ;s is the spin density of states, ands the chemical
g shift (152 ppm, Ref. 32 We fit the 8% NMR Knight shift in
& 400¢ Fig. 5 to Eq.(1) and find Ey/kg values of (258 14)K,
E ool (253+7)K, (142+ 13)K, and (53 14)K for T,=47.5, 65.8,
n 83.2, and 86.0 K, respectively. The resultdiyf/KgT¢ max
%‘ 800[ values are plotted in Fig. 2 against hole concentratapen
Z diamonds, where the hole concentration was estimated from
O 400! Te/Te max = [1—82.6(p—0.16)]. Also included in Fig. 2
= are Eq/KgT; max Values determined fromP®Y NMR on
12001 YBa,Cuz;0,_5, YBa,Cu,Og, and Y,Ba,Cu,0;5_5 (open
circles.?* We note that thermopower and NMR measure-
800/ ments have showh that the electronic behavior in the
CuO, planes in YBgCu,Og is equivalent to an underdoped
4000 YBa,Cuz0-_ 5 superconductor with5~0.23* Also shown

050 100 150 200 250 300 by the open squares in Fig. 2 i€q/KgTc max for
Temperature (K) YBa,Cu;0,_s as determined from_ sp_ec!flc heat
measurement€. For these compounds with SiMIlar, max
values,E,/kgT¢ max decreases linearly with hole concentra-
FIG. 4. Plot of the La_,Sr,CaC,0q 7O NMR shift () x  tion reaching zero gv~0.19.

=0.08, (b) x=0.16, and(c) x=0.22. The curves are the best fitto =~ The La,_,Sr,CaCu,0¢ normal-state gap is compared
the data using EqJl) in the text. with that of the YBgCu3;0O-_ s family of superconductors in
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Fig. 2, where we plotEy/kgT; max determined from the I conclusion, we find that not only do@s(p) scale with

17 on the samep-dependent phase curve, but that the
O NMR measurements. It can be seen tha_lt values of ¢, max N P lI)3 q P 370 and %Y Kniah

Eg/ksTemax for both the YBaCusO,_; family and normal-state gafy(p) observed in t an night

La,_,Sr,CaCyO; follow the same line implying not only a  Shift data also scales wiffi, mafor the YBa,Cu30;_ ; fam-

universal scaled phase diagram fBg, but also for the ily and La,_,SryCaCw,O¢ superconductors. The occurrence

normal-state pseudogap. of a common scaled phase diagram for these two parameters
Recent heat capacify,susceptibility** and ARPES® evi- suggests that the normal state gap originates from the same

_ E . mechanism that is responsible for the superconducting pair-
dence that the normal-state pseudogap has the ' ing and lends strong evidence to the model of Loestral*

bility d-wave anisotropy as does the superconducting 9381 Which the depression ifi, and pair density with under-

gives strong credence to models in which these gaps ar o0iNg | .
e X ping is because of the opening of the normal-state gap.
intimately related. These results together with the preseri/ithin this model, common scaling behavior Ty(p) de-
data would appear to support strongly the model of Emer}fnands common scaling behavior Ey(p)

and Kivelsori® in which the pseudogap is associated with 9 Eiy(p)-

short-range pairing correlations, while the lower supercon- This work was supported by EPSRC. GVMW acknowl-
ducting transition temperature is associated with long-rangedges travel assistance from the New Zealand MORST ISAC
phase coherence. Programme, Grant No. 94/29.
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