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NMR studies of overdoped Y,_,Ca,Ba,Cus;0,_s
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8% NMR and 'O NMR data from overdoped Y ,CaBa,Cu;0;_ 5 superconductors is presented and in-
terpreted in terms of a peak in the density of stdi2©9) that is pinned to the Fermi level and grows with
progressive overdoping. This is in contrast to the underdoped side where there occurs a gap in the DOS pinned
to the Fermi level. The data, which may be common to the high-temperature superconducting cuprates, are
inconsistent with previously proposed models of phase separation or an increasing density of local moments.
[S0163-182698)03310-4

INTRODUCTION like 'O NMR, %°%Cu NMR and susceptibility measurements,
8% NMR does not suffer from quadrupole broadening due
1o local electric-field gradient or paramagnetic impurity ef-
fects. 1’0 and®*Cu NMR measurements also need to be per-
formed on aligned samples and the experimental uncertainty
v!/n determining the peak position can hide small temperature-
cpependent changes in the peak position. We show that the

There exist a variety of theories for the origin of super-
conductivity in the high-temperature superconducting cu
prates but it is our opinion that none explain all of the ex-
perimental data. Of particular importance is the
superconducting phase diagram. It has already been sho

that a normal-state pseudogap withl avave-like symmetry data is consistent with a peak in the density of staE39

exists aboveT, for hole concentrationp less than 0.19 which grows with overdoping in contrast to the underdoped

(Refs. 1-3 and there also exists a universal dependence Qfata where there is a gap in the DOS. In both cases these
T. on hole concentration, approximated BY./T:uax=1  features are pinned to the Fermi level.
—82.6(p—0.16¥.% Loramet al. have shown that, for under-

doped superconductors, the normal-state pseudogap removes

spectral weight and hence leads to a decreasg;ieven EXPERIMENTAL DETAILS

though the spectral gap is constant or even increasing in the

underdoped regionThe overdoped superconductors with Y1-xCaBaCu0;- s samples were synthesized by ini-
=0.19 do not display a normal-state pseudogap but, as in tHéally decomposing a stoichiometric mixture of ,@;,

underdoped region, there is a rapid decrease in magnitude §ANO3)2, BANO3), and CuQ in air at 700 °C for 1 h. This
the superconducting order paramétand in\;2,’ where ~Was followed by reetctlonsdm ar atf 900 CrZ]rfcﬁhh and I
\ap IS the in-plane penetration depth. It has previously beer\?v 1e?e %e?ﬁ?eact:é dgggggd fg i@gétol gar?‘grzgh ;‘01I—Io(\jvesc?rg3$ es
shown that the van-Hove singularifyHs), postulated to re- rapid cooling to 350 °C and then 350 °C for 48 h to achieve

side at optimal doping in order to explain maxinial at p : .
) L i maximum overdoping. The samples were reground after
=0.16, is not apparent in either the NMR, heat capacity, or xim v Ping P W grou

o ) each sinter. The hole concentrations were varied by anneal-
susceptibility datd nonetheless the NMR shift for fully oxy- ing in nitrogen/oxygen gas mixtures at a variety of oxygen

genated YBgCuO;; displays a small Curie-like tempera- 5 ia| pressures and temperatures. X-ray-differadtiiRD)
ture dependence that we will show grows with furtheranaysis showed that the samples were single phase and there
overdoping’ was no evidence of the B@aCyOg and BaCu® impurity

In this paper we report’O NMR and %Y magic angle phases that are known to occur when there is partial Ca sub-
spinning (MAS) NMR measurements on overdoped stitution of Ba. Samples werfO exchanged by annealing in
Y1-xCaBaCu0;_5 Unlike previous studies we use 10% 'O enriched @ and at a variety of temperatures in
the same Y_,CaBa,Cu0;_ 5 superconductor for each oxy- order to control their oxygen stoichiometry and hence their
gen concentration and hence eliminate sample-dependehble concentrations. ThEO exchanged samples warexis
effects due to Ca disorder. The advantage of theligned in a magnetic field of 11.74 T and the alignment was
Y. _«CaBa,Cu;0,_5 superconductor is that we have beenchecked using XRD. ac susceptibility measurements were
able to produce good quality samples in which Ca residesised to determine th&; values. The hole concentratiqn
almost wholly on the Y site and, in conjunction with a post-was determined from thermoelectric poweand from the
processing technique, increase the hole concentration deqe{-)lationTc/TC,,\Aax:1—82.6(p—0.l6)2.4
into the overdoped region resulting T values as low as 47 Variable temperatur&®y NMR measurements were per-
K. Another advantage is that we are able to 6%¢to probe  formed at temperatures of 110 to 350 K using a Varian Unity
the local spin susceptibility and bonding environment. Un-500 spectrometer and a 11.74 T superconducting magnet.
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FIG. 1. Plot of the®Y NMR shift against temperature for an FIG. 2. Plot of the®® NMR shift against temperature for over-
overdoped ¥, ¢Ca Ba,Cu;0,_ s superconductor witf', andp val- doped YBaCus0;_5(O) (Ref. 9, YBa,Cu;0,_5(A) (Ref. 11, and
ues of 47.5 K,p=0.234(0), 72.1 K, p=0.206 (A), 80.1 K, p Y 9.6C& 1BaCus07_5 (T.=68 K) (@) samples.

=0.192(V), and 86 K,p=0.173(<). The solid curves are fits to
the data using the density of states in Fig. 5 and the solid lindemperature-independent chemical shift. The Curie-like

indicates increasing hole concentration. 8y MAS NMR shift is not unique to the overdoped
Y1 ,CaBa,Cu0O;_5 superconductor with double CyO
Magic angle spinning at a frequency2.5 kHz was used to planes. It has also been observed in overdoped
remove dipole-dipole coupling and hence reduce the spectralSr,(Lu, - ,Ca)Cu,0, (susceptibility measurementy
linewidth. The spectra were collected using the 8a80°  TI,Ba,CuG;, s (susceptibility measurementy
spin-echo technique wherewas set to one rotor period. The Bi,Sr,Ca,_;Cu,0,n44 [ 'O NMR (Ref. 16] and is particu-
NMR shifts were referenced to aM. aqueous solution of larly strong in La_,Sr,Cu0, (*’O NMR,*” susceptibility®
YCl;. O NMR measurements were made from 10 to 300 Kand heat capacity measurements We emphasize that,
using a Bruker MSL 360 spectrometer and a 8.45 T superwhile bulk susceptibility measurements may be influenced
conducting magnet. The 9G2480° spin-echo technique was by paramagnetic impurities, the effects probed by the NMR

used to collect the data and the NMR shifts were referencedhifts are intrinsic.
to H,0. Previously, it was found from®Y NMR studies on

Y._,CaBa,Cu0;_5samples, which were not as overdoped
as the samples in the present study, that there appeared to
_ _ exist a universal curve,3°A (T)=%T(T)/[®K(T)—-%%]

We present in Fig. 1 the temperature-dependenfyhere 8 (T) is the 8 MAS NMR linewidth.!! In the pre-
%Y MASNMR  shifts ~ from  the  overdoped vjous study the Ca content in the overdoped samples, rather
Y0.8Ca BaCu0;_ s sample for a variety of hole concentra- than 8, was varied. It was concluded that the universal curve
tions. The direction of increasing is shown by the arrow. originates from a temperature-dependent antiferromagnetic
Leaving aside the slightly overdoped sample for which the

RESULTS AND ANALYSIS

pseudogap is still present, it can be seen that the ' - - - - '
8% MAS NMR shifts display a Curie-like temperature de- 25001 1200
pendence that becomes more pronounced as the hole concen- g ) 'z
tration is increased. This Curie-like temperature dependence g 2000 100 2
is also observed in overdoped, Xa Ba,Cu;0,_s and = =z
YBa,Cu0,_ 5 (Refs. 9 and 11 8% MAS NMR data as can = 1500 o
be seen in Fig. 2. The upturn in the, Y,CaBaCu;0;_s & 10 =
8% MAS NMR shift is also mirrored in the temperature de- E 1000 =*
pendence of the'’O NMR data. This is shown in Fig. 3 o 100 3
where we plot the!’O NMR shift of the central’’O NMR = 5007, g
peak and the'’O NMR shift of the first*’O satellite for an a 1200
overdoped ¥ gCa-Ba,Cu;0,_5 sample with T,=55K 00 50 100 150 200 250 300

where the magnetic field is along theaxis. For comparison
we also show thé®Y MAS NMR shift (open triangles It is
clear that thg ingrease in the NMR shift with decreasing tem- FIG. 3. Plot of the temperature dependence of @ NMR
perature exists in both the’O and *Y NMR sp(_actra and .. shift for the central line(O) and the first satellitg®) from an
reflects the temperature dependence of the spin susceptibifyergoped ¥ Ca, Ba,Cu0;_ 5 sample withT,=55 K where the
ity. This is consistent with previous studtés® that showed  magnetic field is parallel to the axis. Also shown is th&Y NMR
that the NMR shift could be expressed s=X;A;xs/gug  shift from a slightly more overdopedg¥Ca, Ba,CuO,_ s sample
+ o whereA, is the transferred hyperfine coupling constantwith T,=47.5 K(A). The solid curve is the model in the text with
(negative for®¥Y), xs is the static spin susceptibilitg, is the  E,(0)/ks=130K, A(0)/ks=200K, and the initial density of
electrong factor, ug is the Bohr magneton, and is the  states in Fig. 5 withy=0.87.

Temperature (K)
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FIG. 4. Plot of the®Y MAS NMR linewidth against inverse
temperature for ¥ ¢Ca -Ba,Cus0O,_s samples withT,=47.5K, p
=0.234(V), T,=72.1K, p=0.206 (@), T.=80.1K, p=0.192
(A), T.=83.2K, p=0.136 (W), T.=65.8K, p=0.105 (O), and

T.=47.5K,p=0.086(A). The solid and dashed lines are guides to

the eye. Also included is th#Y MAS NMR linewidths expected if
there is Ca induced disorder wity=0.014 ands,=360 Hz for
p=0.136(#) ands,=0.0018 ands, =290 Hz forp=<0.105(<).

FIG. 5. Plot of the®Y MAS NMR spectra at 150 K from a
Y 0.8Ca BaCu0,_s sample withp=0.2059. Also shown is the
anticipated phase separation spectiatted curve

=0 phase, the net result being a “phase-separated charge-
density wave.” However, it has been shown that NMR and
thermodynamic data fop=<0.16 cannot be modelled by a
VHS, either in a phase separation model or with the Fermi

correlation lengthé.(T) that is independent of hole concen- level sweeping through a vHSIf nanoscale phase separa-
tration for overdoped superconducting cuprates. It is apparion occurred in the overdoped region with the other phase

ent from Fig. 4 that this is not the case. Here we jft(T)
against 1T. It can be seen thatl(T) has a Curie-like
temperature dependendadependentf hole concentration

being p~0.27 then the Curie-like T/ coefficient in both
K(T) andI'(T) will initially increase as the hole concentra-
tion is increased, provided the NMR spectra from each phase

for p=0.136. This Curie-like temperature dependence is alsis sufficiently broad. However this is not the case in our
seen in'T(T). Thus, in conjunction with Fig. 1, it is evi- samples where 8 (300 K)~1.2 kHz and hence the

dent that a universal functiorfA(T)="3T(T)/[®%(T)

8% MAS NMR spectra at low temperatures is expected to

—8%] does not exist. We attribute the original correlation todisplay two peaks. It is apparent in Fig. 5 that the low-
the varying Ca concentrations used in the study because akemperature spectra display only one peak. Here we plot the

though the Curie-like temperature dependencé(T) is
independent op for each Ca concentration theTltoeffi-
cient increases with increasing Ca concentration for
=0.136. This is a disorder efféftthat fortuitously roughly
offsets the increasing T/coefficient in8K(T) — 8% that is a

8%y NMR MAS spectra at 150 K andp=0.2059 (solid
curve. Although it is not possible to measure the anticipated
p=0.27 phase in the ) ,CaBa,Cu;O;_;5 superconductor

we can obtain an underestimate for the expected phase sepa-
rated phase using thep=0.1729 and p=0.2344

doping effect. When the Ca content is fixed, only the doping®Y MAS NMR data. The result is shown in Fig. 5 where we

state may be altered arfiA (T) varies accordingly.
The Curie-like temperature dependencéW, 'K, 8T,

usel'(150 K)=I'(300 K). It is clear that a phase separation
model cannot describe the data. Consequently, even though

and 1T cannot be attributed to magnetic impurities or thephase separation has been suggested from early neutron-

formation of local moments as suggested elsewhAetePre-
vious NMR and susceptibility studies on YEa,0,_5 and

diffraction experiments on La ,Sr,CuQ,,?8it is inconsistent
with the present data. More recent neutron-diffraction studies

YBa,Cu,Og with Zn and Ni impurities were interpreted in on L& _,Sr,CuQ, indicate that, with appropriate preparation,
terms of a local moment near the impurity leading to a spinthese samples are homogene®us.

density oscillation and hence a broadening of the NMR peak As mentioned above, models based on a vHS where the
and, in the case of Zn substitution, a satellite peak with d&ermilevel sweeps through the vHSpt 0.16 are unable to
Curie-like temperature dependerfée?® In this model T explain the NMR, heat capacity, and susceptibility measure-
=apx/T andK =a;x/T+a,+ o wherex is the concentration ments for all hole concentrations. Likewise models of the
of magnetic impurities or local moments. It is clear that Kdouble CuQ layer compounds based upon an exchange
would seem to follow this type of temperature and holesplitting of the bands cannot describe the d4tehese mod-
concentration-dependence Hut while being Curie-like for els predict an NMR shift that does not converge to the
p=0.136, is independent of hole concentration. Neither cathemical shift all =0 with progressive underdoping and are
the data in Figs. 1, 2, 3, and 4 be explained by nanoscale anconsistent with a recent study which showed that intrapla-
macroscopic phase separatfdnin the phase separation nar impurities(e.g., Zn and Nihave a dramatic effect of,
model it is assumed that a vHS exists at optimal dopimg ( while interplanar impuritiege.g., Ca exchanged for Y be-
=0.16). For the underdoped superconductors it has beemeen the Cu@planes result in a negligible change iR, .%°
suggested that the low hole concentration can lead to “holdt was shown that the susceptibility, NMR and thermopower
bunching” and hence nanoscale phase separation into thdata are entirely consistent with only weak exchange cou-
metallic p=0.16 phase and insulating antiferromagnetic pling between the CufOplanes.
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We propose a simple model to explain the NMR shift in 4 . T
the overdoped samples in terms of a peak in the DOS that
grows for hole concentrations=0.17. We model the data in - 03
Fig. 1 using the Pauli spin susceptibility —~ 3r 7
‘é 096 o5 o
o0 = p
Xs= 1 J _N(E)[-df(E)/FE]dE, (1) £ 2
whereN(E) is the density of states anfdE) is the Fermi =)
function. It is apparent from Eq(l) that an energy- Z 1
dependent DOS with a peak pinned to the Fermi level will
lead to a Knight shift that increases with decreasing tempera- 0 L ,
ture. Evidence for a peak in the DOS at the Fermi level has -1000  -500 0 500 1000
already been provided by heat capacity and susceptibility E/k, (K)
measurements on overdoped ,LaSr,CuQ,.*® Conse- B
quently, we model the Y NMR data with a two- FIG. 6. Plot of the density of statebl(E), used to model the
dimensional energy-dependent DOS, data in Figs. 1 and 3. The arrow indicates the direction of increasing
hole concentration. The values pfare plotted in the insert. The
N(E)=(1=Y)Nrg+yNus(E), (2 solid curve is a guide to the eye.

whereNg, is the energy-independent DOB,5(E) is the
energy-dependent DOS andis the “amplitude” of the  pseudogap energf, is temperature independent below
energy-dependent peak in the DOS. For the energyr* 35 |n the NAFL model the®Y NMR shift data forp
independent DOS we use the energy dispersiBifk) -0 1729 would havel,~150 K. In the model of Eremin
=ﬁ2k2/2m*., while for the energy-dependent DOS we use agt 4137 the NMR data abovd, is explained by the appear-
nearest-neighbor hopping dispersida(k) = —2t[coska)  ance of a pseudogap &t originating from a charge-density-
”L.COS{(Va)]’ v_vheret IS rele_lted. to the ngarest-ne|ghbor hop- wave instability. We show elsewhere that the charge-density-
g'lgg [[))g)sbaizmttzét-r?; Tr?;w:rt:ggr;%r zzmguEgrzgotr? drScc;)t(cj)i thWave model is negated by the absence of an isotope effect in
P P fhe pseudogaP and that models with a normal-state

E(k)=74k*/2m* energy dispersion with a normal-state pseudogap more or less abruptly appearing at a temperature
- _ )
pseudogap existing fop=0.19 has proven successful in T* are inconsistent with the thermodynamic, susceptibility,

modeling the heat capacity, susceptibility and NMR Knight- ) .

shift datal®S For the overdoped superconductors the2Nd NMR Knight-shift datd? _

nearest-neighbor hopping dispersion conveniently provides a 1N interpretation of thep=0.19 data in terms of the
peak in the DOS and the appearance of a vHS peak mear NAFL model with T, increasing with decreasing or a
—0.27 with the Fermi level sweeping below the peak energyrseudogap witlE increasing with decreasing is of sec-

for p>0.27, consistent with the observed change in the HalPndary concern in this paper. Here we are specifically inter-
coefficient and the maximum in the susceptibility and en-ested in the regiop=0.19. We show in Fig. {solid curve$
tropy data for La_,Sr,Cu0,.1%3! As shown previously, the that the DOS in Eq(2) provides an excellent fit to the data.
effect of the normal-state pseudogap in the samples pith The resultant DOS used to fit the data is shown in Fig. 6. The
<0.19 can be accounted for with an energy dispersiorflata forp=0.1729 is modeled with a nonzero normal-state
E(k)=[e(k)2+A(K)2]¥2 where e(k)=#2k2/2m* and gap to account for the decrease in the NMR shift for tem-
A(k)=Eg4(k) for temperatures aboveT.. Ey(K) peratures less than 160 K. The insert to Fig. 6 showsthe
=Eg4|cos(2)| is the anisotropic pseudogap enerfiput we — dependence of in Eq. (2) where it can be seen that it ap-

stress that there is no order parameter abveBelow T,,  pears to progress to 1 whep=0.27, ie., at the
A(K)=[A"(k)*+ Eg(k)2]1/2 where A’(k) is the supercon- superconductor/metal transition whefg=0.
ducting order parameter witthwave symmetry. While a growing peak in the DOS provides an excellent

We note that there are at least four other models thalit to the NMR shift data it does not immediately lead to an
attempt to describe the thermodynamic, susceptibility angXplanation for the Curie-like ang-independent linewidth
NMR data aboveT.. In one model the temperature- data in Fig. 4 wherp=0.136. One possibility is disorder
dependence of the NMR data is attributed to exchange cowgffects induced by Ca substitution as found by a previous
pling for superconductors with two Cy@lanes per unit cell study of the ¥, _,CaBa _,La,Cu,0g YBaCu,_,Zn,0g,
and a spin-density-wave instability for superconductors withand YBgCu, _,Ni,Og superconductor® We show in Fig. 4
only one Cu@ plane per unit cef32In another model the the expectedI’(T) if there existed random hole concentra-
normal-state pseudogap is attributed to precursor pairingon and chemical shift disorder witls,=0.014 ands,
without long-range phase coherence and superconductivity 360 Hz for p=0.136 (closed large diamongsvhere s,
occurring when long-range phase coherence is establfSshedands, are the standard deviations in the hole concentration
In the nearly antiferromagnetic Fermi liquitNAFL) model ~ and chemical shift. Fop<0.105 we uses,=0.0018 and
the NMR data is described by scaling regimes: mean-field,=290 Hz (large open diamondisit can be seen that this
for T>T,,, pseudoscaling fof * <T<T, and a pseudogap explanation does result in a Curie-lik&'(T) for p=0.136
of magnetic origin forT<T*.34-*Within the NAFL model  and a temperature-independ&hfior p<0.105. The origin of
there is an abrupt transition @&t to a pseudogap where the such a narrowing in the distribution qf is uncertain but
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could be associated with the incipient phase separation that

seems to occur fop<0.105% 80000} & L
We show in Fig. 3(solid curve that the decrease in the g 60000'. :

0 NMR shift below 85 K but abovd .=55 K could be — 60000 &£ 40000} ]

interpreted in terms of a normal-state pseudogap. Here, to M ' 012018 024

illustrate, we assume the pseudogap to hdweave-like §. P

symmetry with a pseudogap energy, that is temperature £ 40000}

dependent, decreasing frofiy=13kg at T=0 to Eg=0 at E

T* =E4. However both angle-resolved photoemission spec- %, 20000}

troscopy (ARPES Ref. 41 and heat capacity d&tehave

shown that the pseudogap is absent for this hole concentra-

tion. Rather in some cases the heat capacity shows a split 0 100 200 300
transition with a small mean-field step at about 84°Krhis
would result in a downturn in K') as shown in Fig. 3 where
<12% of the sample does not have fully oxygen loaded FiG. 7. Plot of —8KT against temperature for
chains. Y 06Ca BaCus0;_ 5 with T, and p values of 47.5 K,p=0.234

It is important to note that earlier angle-resolved photo-(O), 72.1 K, p=0.206 (A), 80.1 K, p=0.192 (V), 86 K, p
emission spectroscopy studies showed the existence of an0.173(<), 83.2 K,p=0.136(0), and 65.8 Kp=0.105(+). The
extended saddle point in a broad range of cupfatest this  solid lines are fits to the data using the model described in the text.
is near(+,0) and (0,= ), the very region where more re- Insert: Plot of—8%K (300 K) T againstp.
cent ARPES studies show that the quasiparticles are heavily
damped'* As the doping is increased the quasiparticleThe same conclusion was drawn by Loramall® by con-
weight is pushed further out towards theeew, 0) and sidering the doping dependence of the electronic entropy
(0, =) regions where the state density is higher giving theS(T). Thus across the entire doping range the number of
very effect we observe, a growing peak in the DOS withstates within the Fermi window are uniformly incremented
doping. Such a picture then requires a pseudogap in the umvith doping where spectral weight is progressively piled up
derdoped region and the vHs in the overdoped region. Thaear the Fermi level. With further doping out into the metal-
reality however may be deeper, yet simpler. We note that théc states, data from La ,Sr,CuQ, indicates that this extra
increasing pileup in spectral weight that occurs rieawith  spectral weight eventually collapses away and a conventional
increasing doping in the overdoped region is a continuationmetal is eventually recovered.
of what is observed in the underdoped region, and has been
noted previpusly in L@LXSrXCu.Of‘.19 It is diﬁigult to avoid ' CONCLUSION
the conclusion that the superficially rather different behavior
on the underdoped and overdoped sides, namely, a gapped orin  conclusion, the NMR data from overdoped
peaked DOS respectively, are nonetheless related. This ¥;_,CaBa,Cu;0;_ 5 superconducting cuprates can be inter-
given substance by considering the plots 8%K[{T) shown preted in terms of a growing peak in the density of states.
in Fig. 7. This quantity is proportional tg,T and as such The data cannot be modeled assuming phase separation,
represents the sum of spin states within the Fermi windownagnetic impurities or a growing density of local moments.
(Eg+2kgT).*® The continual upward displacement of the
curves with doping shows that the number of states within
the Fermi window are smoothly incremented with hole dop-
ing. This is seen more clearly in the insert to Fig. 7 where we We acknowledge funding support from the New Zealand
plot T8K(T) at 300 K againsp. T®K (300 K) increases FRST (G.V.M.W.), the Royal Society of New Zealand
monotonically withp indicating that the number of states (J.L.T., and the United Kingdom EPSR@.L.T., R.M., and
within the Fermi window monotonically increases wigh R.D).

Temperature (K)
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