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Nuclear-quadrupole-resonance study of overdoped Y ,Ca,Ba,Cu;0,
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We have performed &%Cu nuclear-quadrupole-resonance study of overdoped®aBa,Cu;0, and find
that the temperature dependence of the Cu spin-lattice and spin-spin relaxation rates are similar to that in
lightly overdoped YBaCu;0;. We show that the data can be interpreted within the Millis, Monien, and Pines
model in terms of no significant decrease in the antiferromagnetic correlation length, at lepstd33.
Furthermore, the isotopic ratios of the spin-lattice and spin-spin relaxation rates do not change with increasing
hole concentration, indicating that magnetic relaxation is still dominant in the overdoped region.
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The high-temperature superconducting cuprdt¢§SC) more, there is evidence from the NQR spectra of two Cu
are proving to be extremely difficult to understand. The dif-sites in the Cu@plane as well as a Cu spin-lattice relaxation
ficulty in understanding these materials is compounded byate that is frequency dependéntWe compare the spin-
recent reports that suggest that antiferromagnetic correlatiorattice and spin-spin relaxation rates in the overdoped region
do not exist in overdopedp>0.16) YBaCuO,;_ s and  with similar measurements in the underdoped to lightly over-
Bi,Sr,CaCyOg, 5, possibly disappearing for hole concen- doped regiort! =4
trations p>0.191? Indeed, there is evidence from low-  Overdoped Y_,CaBaCu0,_ 5 ceramic samples were
temperature low-energy neutron-scattering measurements synthesized as described previoulfthe final synthesis at
La,_,Sr,CuQ, that the low-temperature antiferromagnetic 980 °C in 1 bar @ was followed by rapid cooling to 600 °C
correlation length is weakly hole concentration dependent foand further annealing to 350 °C to ensure that the samples
underdoped to lightly overdoped £aSr,CuQ, (p<0.18)  were fully oxygen loaded.
and decreases substantially in the heavily overdoped region The superconducting transition temperature was measured
(p~0.25)3 using a superconducting quantum interference device mag-

The possible absence of antiferromagnetic correlations fonetometer and an applied magnetic field of 0.0005 T. Room-
overdoped HTSC has important implications for understandtemperature thermopower measurements were made using a
ing superconductivity and interpreting the nuclear-magnetictechnique described previousiy.
resonancéNMR) data from the HTSC. It is currently be- Cu NQR measurements were made in a home-built probe
lieved that the NMR data can be interpreted within theas previously described. The influence of external fields
Millis, Monien, and PineMMP) model*~ MMP proposed ~was minimized by surrounding the probe and continuous
a phenomenological dynamical spin susceptibility that, alondlow cryostat with au-metal shield. The spin-lattice relax-
with the Mila-Rice Hamiltoniar?,has been used to interpret ation rate was measured using an inversion recovery pulse
the NMR data. In this model the dynamical spin susceptibil-sequence and &/2 pulse width of 2us. The spin-spin re-
ity is peaked at the antiferromagnetic wave vector, whichlaxation rate was measured using a Hahn-echo pulse se-
strongly enhances the Cu spin-lattice relaxation rate but nayuence with the same pulse widths. Doubling #i& pulse
the 'O spin-lattice relaxation rate. The MMP model is alsowidth did not lead to a significant variation in the spin-spin
the basis of the nearly antiferromagnetic Fermi-liquidrelaxation rate. This is consistent with a previous study on
(NAFL) modef~% of HTSC. This single-spin fluid model YBa,Cu;O;_ 5, where 1T, was not found to change when
assumes the presence of antiferromagnetic correlatiorld; was varied by a factor of 2.
across the entire superconducting phase diagmadiyding The magnetization recovery in the case of the Cu NQR
the overdoped sideThus, if antiferromagnetic correlations spin-lattice relaxation measurements can be expressed as
do not exist on the overdoped side then the MMP phenomM(7)=Mg[1—2 exp(—3#T,)], where 1T, is the spin-
enological susceptibility cannot be used to interpret thdattice relaxation rate. The Cu NQR spin-echo decay in the
NMR data and the NAFL model cannot be applied to over-case of thél', measurement is more complicated. It has been
doped HTSC. It is therefore important to extend previousshown that the echo decay function can be expresséd®as
studies into the overdoped region.

In this paper, we report Cu nuclear-quadrupole-resonance 27 1(27)°
(NQR) measurements on overdoped_Y,CaBa,Cu;0, and M(7)=Mo ex;{ T T exp( 2712
compare the results with optimally doped and lightly over- 20
doped YBaCuw;0O,_s. The addition of Ca allows us to ex- The first factor is the Redfield contribution, where
tend previous YBgu,0;_; studies'™** into the heavily for YBa,CuO; T,4=5.1T; *.2° The second factor is the
overdoped region. We selected the YCaBa,Cu;O; com-  Gaussian decay function. The third factor has recently been
pound rather than La ,Sr,CuQ, because the La,Sr,CuO, introduced to account for the dynamical effects of the
NQR linewidths are anomalously large-2 MHz). Further-  nearest-neighbor Cu sites. This factor is close to 1 when

Mq(27). (1)
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FIG. 1. (9 Plot of the Cu NQR spectra at 110 K from fully 0ttt . —

loaded Y, «Ca 1Ba,Cus0; (left axis). Also plotted is the frequency 0 50 100150 200 250 300 350
dependence of°T, (right axi9. (b) Plot of the Cu NQR spectra at Temperature (K)

110 K from Yq ¢Ca ,-BaCu;0,. The solid curve is a Gaussian best

: 63
fit to the *Cu NQR resonance. FIG. 2. Plot of 17T, T against temperature from YB@AU;Og 63

[filled down triangles(Ref. 11], YBa,CusO; [filled up triangles
T1nor> T2g- The functional form forM 4(7) can be found (Ref. 271 Y,o4Ca,Ba,Cu0; (open down triangles and
in recent publications by Curret all819 YO_BCaO_zBa2Cqu7 (open _cwcle}; PI_oF of the Curie _constar_1t against
- . hole concentration obtained by fitting the data in the figureTfor
We present in Fig. 1 the Cu NQR spectra from the ~ 100K as described in the text
=0.1[Fig. (@] andx=0.2 [Fig. 1(b)] samples at 110 K. '
The spectra were obtained by summing the spectra measured
at discrete frequencies. The superconducting transition tenwhen compared with YB£u,0g.2* We note that the NQR
peratures for thec=0.1 and 0.2 samples are 68 and 48 K, peak frequency for both the=0.1 and 0.2 samples is com-
respectively. We estimate the hole concentratipnfom parable to that found in optimally doped YR2u,0,_ 5_25
the approximate relationT/T; yax=1-82.6(0—0.16f  We also find that th€Cu NQR peak frequency is larger for
(Ref. 21 to be 0.214 and 0.233, respectively. The negativehe x=0.2 Ca, which is consistent with the=0.2 Ca
room-temperature thermopower values are consistent witBample having a higher hole concentration.
the samples being overdopep> 0.16). We find that although our spectra are broad, the TGu
The main peaks observed in the NQR spectra plotted ifnagnetization recovery is single exponential. The Cu
Fig. 1 are due to Cu from the Cy@lanes, where the relative  NQR recovery is expected to be single exponential in
integrated intensities of th&Cu and®3Cu peaks are directly an homogeneous material because Cu is a gpimclei
proportional to the isotopic abundance. We did not find anyand thus the nuclear-quadrupole interaction leads to only
variation in the NQR linewidths with temperature for tem- one transition. The exponential magnetization recovery
peratures greater than 60 K. in Y, ,CaBaCwO; can be contrasted with
We estimate th&3Cu full-width half maximum(FWHM) YBay(Cuy_,Zn,)50;_ 5 (Ref. 26, where Zn induces a non-
for Cu on the Cu@ planes by fitting the resonance of the exponential magnetization recovery. We show in Fig) 1
83Cu peak to a Gaussian function. The resultant FWHM'’s arefilled circles that 83T, is not frequency dependent.
850 kHz for x=0.1 and 900 kHz forx=0.2. The ®*Cu It can be seen in Fig. 2 that the temperature dependence of
NQR linewidths can be compared with fully loaded 1/63T1T for overdopedx=0.1 (open down trianglesp
YBa,CusO; - 5, where the smallest reported NQR linewidth =0.214 andx=0.2 (open circlesp=0.233 is comparable
is ~250 kHz?? Most of the additional broadening is likely to to that of fully loaded YBaCu,0; as measured by Hammel
be due to oxygen vacancies in the CuO chains. It has beest al. (solid up trianglesp=0.18.%” There is no evidence of
found that the Cu NQR linewidth increases dramatically witha change in the Curie-like behavior for temperatures greater
increasing oxygen vacancies on the CuO cRaiBvidence than 100 K. This is clear in the inset to Fig. 2, where we plot
of oxygen vacancies is provided by the additional intensity inthe Curie constant, obtained by fitting the data above 100 K
between the®*Cu and®Cu NQR peaks. It is also possible to 1°°T, T=c/(T+T,)+b, where the best fit is obtained
that some of the additional broadening is due to local sitavith To=180K. In the case of underdoped Yf&aL0,_;
disorder about the Ca atom. This has been suggested to efsolid down triangle¥) there is the added complication of
plain the nearly threefold increase in th&Cu NQR line-  the normal-state pseudogap that causé¥{T to decrease
width from Cu in the Cu@ planes of ¥ {Ca Ba,Cu,03  for temperatures less than 140°K.
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32) was obtained near 60 K and theg & BaCu;0; and

Y 0.8Ca Ba,Cu0; data was obtained at 80 and 68 K, respectively.
The dashed linéright axig is the universal curve that describes the
dependence of . on hole concentration. Inset: Plot of the measured
ratio ®5T, /%%T; against temperature for 3¥Ca, ;Ba,Cl,0; (open
circles and Y, {Ca, ,Ba,Cu0; (filled circles.

FIG. 3. Plot of the normalizeffCu NQR spin-echo magnetiza-
tion against (2)2 from Y, Ca, 1Ba,Cu,0; (filled circles at 80 K
and from YBaCu;Oy (filled up triangle$ at 78 K (Ref. 14. The
solid curve is a fit to the data as described in the text.

The common FPT,T curve for the overdoper=0, 0.1,
and 0.2 samples suggests that there is no significant change0, 0.1, and 0.2 above 100 K implies that there is no change
in the spin dynamics as probed BiCu. It is also possible to N ¢ for 0.18<p=<0.233. We note that within the MMP
interpret the overdoped %81, T data plotted in Fig. 2, within Model 8 is assumed to be temperature independent. How-
the MMP model and the scaling analysis of Barzykin and€Ver. we have shown that equatigwith the static spin
Pines(BP),% in terms of no significant change in the antifer- susceptibilityx(T) can explain the’0 and Cu NMR data
romagnetic correlation length. This can be understood b\'{\} underdoped YBZ WG, %"g‘?‘?{eX(T) rapidly decreases
noting that the Curie-like increase irf¥, T with decreasing ith increasing temperatu e In the case of oyerdoped
temperature is generally believed to be due to changes in t jo—/x%&Ba%géhoﬁlgge rlgafxwlnum :jn(r:]rease R (T) is only
imaginary part of the dynamical spin susceptibifif:'°It is /0 from 300 to KRef. 1§ and hence any temperature
also generally believed that the NMR data can be analyze ariation in 8 is not expected to significantly affect the in-

. : . e . erpretation of our data.
gigr%stg(eadMal\gP dynamical spin susceptibilftyyhich can be Further evidence for no significant apparent change in

the antiferromagnetic correlation length, within the MMP
model and using the BP scaling analysis for overdoped
Y1-xCaBa,Cu0; (p<0.233), is provided by*®T,,. We
plot in Fig. 3 the spin-echo decay fromy¥Ca, \Ba,Cu;0;
(filled circles,p=0.214 at 80 K and YBaCu;0; [filled-up
where wg; is the paramagnon frequency,is the antiferro-  triangles,p=0.16(Ref. 14] at 78 K, along with the fit to the
magnetic correlation length in units of the in-plane latticedata using Eq(1). Note that the data in Fig. 3 have already
parameterQ=(,7) is the antiferromagnetic wave vector, been corrected for the Redfield contributiffirst factor in
xs(T) is the static spin susceptibility, an@, is the Eg. (1)]. The resultant NQR $T,, is (6.5-0.3) ms*
temperature-independent effective bandwidth. It has beefor Y, dCa BaCus0,;. This can be compared to the NQR
shown that in the limit ofé>1, (*°T;T) '=a,Blws;.® In 16T, of (7.9+0.2) ms in YBa,Cu,0;. Within the MMP
the scaling-analysis model of BB &% wherez=1 for  model and assuming thaf>1, it is possible to express
T*<T<T; and z=2 for T>T,. Consequently, 1/°T,; as 17T ;= B£.%1® Hence 17Ty, provides a direct

6 -1 z H -1 6312

(®°T,T) "'« &% The scaling of ©*T;T) ! and ®T,¢ for  measure of. Therefore, from the measurements d¥°I4,
slightly overdoped YBgCu;0;_ s implies thatz=1 for T  in YBa,Cu;0; and Y, dCaq BaCusO; we conclude that
>100K and hence®T,T) 1« B¢.%° Therefore, within the  within the MMP model £ decreases by only-20%. A small
MMP model and using the scaling analysis of BP, we expectiecrease i, within the MMP model, is consistent with the
that ¢T,T) ! is directly proportional to¢ for overdoped negligible affect ofp on 1F°T; T mentioned above, at least
Y;_«CaBaCu0; and thus the constanfyr;T) ! for x  for p<0.233.
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The observations above that, within the MMP modgl,
does not change significantly in,Y,CaBaCusO; (for p
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is close to the theoretical estimate where the experimental
ratio is 1.25-0.03° It has been shown that the charge and

<0.233 appears to contradict recent reports that imply thespin dynamics on the Cu(lanes of YBaCu,Og are essen-
absence of antiferromagnetic correlations in the overdopelally the same as underdoped Y®aLO,_ s with a & of

region(possibly only forp>~0.19.1? It is therefore impor-

~0.23* Consequently, we find that®T,,/%T,, for over-

tant to see if the dominant relaxation mechanism changes igoped v, (Ca, ;Ba,Cus0; is comparable to that in the under-
going from the optimally doped to the overdoped region. Thedoped cupratés.

dominant relaxation mechanism can be determined from

®5T,/5%T,. In the case of magnetic relaxation it can be
shown that®°T, /83T, =(53y/5%y)2, where y is the nuclear
gyromagnetic ratid? If quadrupole relaxation dominates,
then 85T, /%°T, = (e%%Q/e%°Q)?, where eQ is the nuclear-
quadrupole momenit

We plot in Fig. 4%5T, /%3T, against hole concentration for
Y 0.oCa 1Ba,Cu0; at 80 K and Y ¢Ca ,Ba,Cu;0; at 68 K.
For comparison, we includéT, /3T, for optimally doped
YBa,Cw,0;_ 5 near 60 K32 The relationship between hole
concentration and’; is shown by the dashed curveght
axis). It is clear that®®T, /%°T, does not change on the over-
doped side and there is no departure from magnetic scatt
ing. We show in the inset to Fig. 4 th&tT,/%T, does not
show any variation for moderate temperatures abiyve

Similar measurements dT,,/%°T,, were made on the
Y 0.sC& 1BaCusO; sample at 80 K. We find that the resultant
ratio is ®°T 54 /%%T ,4=1.19+0.10. This can be compared with
the theoretical estimate of 1.30 obtained fréfT ,q/%%T
= (53y/559)2(®3p/55P) 5 where ®3P and ®5P are the isoto-
pic abundances dffCu and®Cu, respectively® One study
on YBa,Cu,0g (p=0.122) found that for NQR®T,,/%3T

In conclusion, we find that from NQR measurements on
overdoped Y_,CaBaCu;0; within the MMP model, the
antiferromagnetic correlation length does not significantly
decrease on the overdoped side, at leaspf00.233. This is
inconsistent with recent reports claiming the absence of an-
tiferromagnetic correlations forp>0.19 in overdoped
HTSC. However, our results do not necessarily contradict
the results from a neutron-scattering study on another HTSC,
La,_,Sr,CuQ,. It was found that the peak widthe<g¢ 1)

was weakly dependent gnfor p=<0.18 while it was~3.6
times larger forp=0.253 Unfortunately, there was no re-
ported data in the 0.X8p<<0.25 hole concentration range.

®lence, it is possible that in La,Sr,CuQ, ¢ decreases only

for p>0.233. We also find that the relaxation mechanism is
still magnetic on the overdoped side, indicating that mag-
netic relaxation is still dominant in the overdoped region.
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