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3Cu and 8% NMR study of an optimally doped YBa,Cu;0g o, Single crystal
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We report®3Cu spin-spin and spin-lattice relaxation ratésT;, * and 5T, ) and 8% magnetic hyperfine
shift (8%) in the normal state of an optimally doped single-crystalline sample,€B0g o, With T,=93 K
(which corresponds to the maxinigj for the YBa,CusOg.. family). The comparison betweeli{r;T) ~* and
(63T29)’1 evidences that the spin pseudogap doesopen aboveT. at optimal doping, although the static
spin susceptibility starts to decrease well ab®ye at To=150 K. Comparing the NMR data of this optimally
doped sample with those of two other “90 K” samples previously studied by our group, an underdoped
YBa,Cu;05 oo and an overdoped YBE&;0,, strongly suggests that the crossover to the spin pseudogap regime
occurs precisely at the optimal doping level. A phenomenological phase diagram based on the NMR results in
the normal states is proposed. We discuss to which extent our data agree with the predictions of the magnetic
scaling theory[S0163-18207)00641-3

. INTRODUCTION atq=0. The crossover associated with 0 is related to the
decay of the static spin susceptibilip¢(q=0, 0=0) below
The nonstandard properties of the normal stdte T;) of  a characteristic temperatufg, as measured in bulk experi-
the copper oxide highi-, superconductor§HTSC’s) have  ments or in NMR magnetic hyperfine shift probes. Whether
attracted a great interest in the hope of finding the clue to ther not the gap recently observed by photoemission experi-
high-temperature superconductivity. In particular, inelasticments in BySr,CaCyOg (Bi2212) (Ref. 5 is related to
neutron scatteringINS) and nuclear magnetic resonance crossover afl is still an open question. The characteristic
(NMR) studie$ have revealed the presence of antiferromagtemperaturel, varies strongly with doping as evidenced by
netic (AF) fluctuations and a spin pseudogap in the low-NMR results in La_,Sr,CuQ, (LSCO),® YBa,CuyOq, 4
energy excitation.While the AF fluctuations seems to be (Y123),"8 Bi2212° and HgBaCuQ,, ;.'° As regards the
present in all HTSC's, the spin pseudogap is rather restrictedpening of a spin pseudogap@t Q,r, it corresponds to a
to the underdoped compounds, being their most outstandingansfer of spectral weight of magnetic excitations from low
feature because it opens abolg These results have given to higher energy, when the temperature decreases below a
support to theories in which strong correlations play an eseharacteristic temperatur€*. The occurrence of this gap
sential role in the cuprates, like some approaches based @hoveT., has been evidenced by INS measurements in un-
the t-J modef or the magnetic scalingS) model? which  derdoped Y12312In parallel, the NMR data also suggested
predict the occurrence of a spin pseudogap phase in the ua-decrease of the low-energy excitations from the precursor
derdoped HTSC's. decay of the nuclear spin-lattice relaxation rate divided'by
A remarkable fact is that from the experiments two dis-of the planar copper ®T;T) " well above T..**"® Not-
tinct temperature crossovers may be identified, one assoawithstanding, this does not suffice to determine the opening
ated with the spin response@t Qr and the other with that of a spin pseudogap; it is rather through the comparison be-
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tween (T, T) ! and the Gaussian component of the nuclear 200 et . . . 020

spin-spin relaxation rate®T,4) ~* that the openingor nof Holl € g v

of the spin pseudogap can be confirnéd?® Y e e® @ege |
The static and dynamic responses of the electronic spin as _ 100} + gi% - g . '

a function of the doping level in Y123 as well as other HTSC £ + O . it =

compounds has been the subject of numerous NMR & ol ] ) 1010 7~

studie=*8|n previous work&® we have pointed out the Z g 4 S

spin pseudogap and the decrease with the temperature of the & i 40.05

static spin susceptibility as the main characteristics of the 100}

underdoped regime of the Y123, while in the overdoped re- o . . . . 4000

gime the spin pseudogap coincides with and y slightly YKoy 50 100 150 200 250 300 "17K0rb

increases with decreasifig In particular, the dependence of T (K)

the opening of the spin pseudogap with doping is an impor-

tant _is_sue in ord_er to glu_cidate its relationship with supercon- g 1. T dependence of%, in x=0.92 (CJ) andx=0.94 (@)
ductivity. Pursuing this idea, other groups have recently resample. Additional data aréK, for x=0.5 (W) and x~1 (solid
ported NMR studies of the evolution of. and the AF |ine) samples(from Refs. 23 and 22, respectivilyand K, (+)
correlations as a function of the doping levelput in the  from Refs. 8 and 21. The origin of the vertical axes coincides with
absence of°T,, data, the conclusion is uncertain. The aimK,, so that one is left with the spin contribution to the MHS.

of the present communication is to report NMR results which

clearly show that the spin pseudogapi- doesnot open  spite the presence of Sr impurity, we are actually comparing
above T, at the optimal doping composition of an Y123 three “90 K” samples with respect to their doping level,
single crystal. Moreover, a comparison with the data of othewhich is reflected on the value &f, and, as is discussed
“90 K” samples studied by our group strongly suggests thatbelow, through the®®y MHS.

the crossover to the spin pseudogap regimg=a g occurs The T dependence of%, is shown in Fig. 1 for the
precisely at the optimal doping level. optimal, thex=0.92 and, for the sake of completeness, also
for two fully oxygenated samplesx€ 1, 1K, from Refs. 8
Il. EXPERIMENT and 21 and®K, from Ref. 22 and for a less-oxygenated
~sample k=0.5).2% As far as the static spin susceptibility is

The measurements were carried out on a ‘“porous
YBa,Cu;Og o4 Single-crystal. Specific sample preparaffon
ensured the highedt, value (of 93 K) for the Y123 family
and a very sharp superconducting transition
[AT.(10-90 %)»>0.15 K in ac susceptibility withH .
=0.1 Og,,d, enabling us to identify the sample aptimally
doped. Details of its characterization by specific heat me
surements are given elsewhéfeand we also confirmed the
T. determination by thén situ measurement of the detuning
of the NMR probe in zero magnetic field. TH#éT, and the
%%T,4 were measured on the central line of the quadrupol
splitted spectrum of th&3Cu(2) with the applied magnetic
field Hy=5.7 T parallel to thec axis. The 8% magnetic

concerned, it was demonstrated that the MHS of all nuclear
sites[Cu(2), O(2,3), and Y] couple to a single spin degree of
freedom?* The MHS is composed of &-independent orbital
part NK““'be plus a T-dependent spin part'K ., spid T)

=NA . spin Xaa,spik T)» WhereN=63, 17, and 89 stand for
Cu(2), 0(2,3), and Y sites, respectively. It is well known that
%he MHS is very sensitive to the doping level of the system
CuG; planes, and this is confirmed by the data of Figyd:
increases and becomes I8sslependent with greater doping
levels. This enabled us to clearly distinguish the doping level
%f our samples, from the underdopee 0.92 sample up to
the overdopedx=1.0 sample. In the underdoped regime,

. . 39 . xs(T) decays monotonically with decreasiiig whereas in
hypertime shifMHS) (™°K) with respect to the Y Glrefer- the overdoped regime it is slightly increasing. In the less-

ence was measured withly=15T(Ic) using the Carr- doped compounds, like YBEWOs (Ref. 25 and

E(L)Jirsc:I:;\t/iI?boom—Gnl sequence to increase the s'gnal'toYBaZCuz‘O&m (Ref. 24, T, is above 300 K, but in the

slightly underdoped samplex€ 0.92) T,=200 K and in the
optimal sample X=0.94) To=150 K. Note that at optimal
doping x(T) starts to decrease dat,=150 K and theT

In the presentation of the results, we directly compare thelependence is intermediate between the underdoped and
data for the optimally doped sample to those obtained on twoeverdoped behavior; i.e., it iffat at higher temperature. In
other “90 K" single crystals previously studied by our the overdoped regime, the temperatligetends towardg ..,
group®!® a slightly underdoped YBaSr o/ ClsOsq, [Tc  and for the more heavily doped compositiong(T) is
=91 K, AT, (10-90%)2.5 K] and an overdoped roughly temperature independent abdyg like in ordinary
YBay 9550 0dCUs0; [T.=90 K, AT, (10-90%)1 K], metals. More preciselyys(T) slightly increases with de-
where theT.'s were determined from the detuning of the creasingT,®?1%? a behavior which may be expected in a
NMR probe in zero magnetic field. These samples are smaliarrow band metal. These featuresygfT) are quite general
pieces of the single crystals used for INS experiments at then HTSC's and have been analogously observed on the NMR
Leon Brillouin Laboratory> Regarding the presence of Sr measurements in LSCQRef. 6 and B,SrLCaCuyOg (Ref.
impurity at the site of Ba, as is discussed in a previousp). Curiously, in optimally doped $B&CuQ; . ,,*® the tem-
work,?! its main effect is to slightly depres§. (AT,  perature behavior of(T) is identical to our optimal doping
=<1-2 K) with respect to impurity free Y123 of the same sample, suggesting that this behavior might be characteristic
nominal oxygen content. Therefore, we emphasize that, desf optimally doped compositions.

Ill. RESULTS AND DISCUSSION
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FIG. 2. T dependence df) (53T, T) ! and(b) (T,,) % Ois ; 6 6
e p 1 2g) FIG. 3. T dependence of the ratio® ©®*T,T/%°T,, and (b)
for the x=0.92 sample® for the x=0.94 sample, and is for the 63T, T/(53T,,)% M is for the x=0.92 sample and for the x
x=1 sample. =0.94 sample.

Figure 2a) shows €°T,T) ! as a function ofT for three
samples withk=0.92, 0.94, and 1.0. The overall tendency of available neutron data in Y123 compoupdscan be shown
(53T, T) 1 is well known, increasing a3 decreases, but that (®*T;T) e« x"(Qarwn)/w,=J(w,), where w,~0 is
turning down differently according to the doping level of the the nuclear Larmor frequency, whiléT ;) oy’ (Qag) =
samplet®*® At higher temperaturegbetween 150 and 300 [5J(w)dw.! Clearly, a loss of spectral weight of the low-
K), the data of all samples superpose almost perfectly. Thenergy AF excitations will strongly affectl(w,) and
discrepancy sets on at* =140 K where 3T, T) ! of the  (°®°T;T) ", but barely the total integral oved(w) and
slightly underdoped samplex€£0.92) passes through a (63T29)‘1. Thus theT dependence of the ratib, T/ T4 pro-
maximum. This behavior is typical of less-doped samplesides a powerful method to investigate whether a spin
such as YBaCu;Ogs,%%'  YBa,CuOggs,l’ and  pseudogap atj=Qar opens or not: If this ratio starts to
YBa,Cu,0g.%>?" For the optimal and overdoped samples,increase at a certain temperatuf&, a spin pseudogap is
(%%T,T) ! continuously increases down fB,, saturating opening. If one considers scaling hypothésighen
somewhat abov@,, for the optimal composition. This flat- (®T,) 'o& ' (Qar) and (3T, T) ~tec g 2x' (Qap)/
tening close toT. has been analogously observed in opti-I" s, Wherez is the critical dynamic exponent ald,e the
mally doped TjBa,CuG;.,,”® but also in overdoped bare characteristic energy of AF fluctuations. When1
HgBa,CaCuyOs. 5,2° and so it is not yet clear if this feature (quantum critical regime one expects®®*T,T/%%T,; to be
is characteristic of doping levels near the optimal composiconstant within the temperature range in which the scaling
tion or it may have some other origin. In the overdopedhypothesis apply, then to increase as soon as the gap corre-
YBa, 4,5k 0fCUs0; sample, 63T, T) ! increases more lin- sponding to the quantum disordered regime opens. When
early with decreasind, turning down abruptly af. (i.e., z=2 (nearly antiferromagnetic Fermi liquid the
the flattening beford . is much less pronouncidThe dif- temperature-independent quantity is expected to be
ference in theT dependence of €T;T) ! as a function of T T/(®3T,5)%=[ £ ?x'(Qar) Il ar. The T dependences of
doping contrast to the similarity of the behavior 6fT,,) ™' the ratios 3T, T/ %T,, and 83T, T/(5%T,,)? are plotted in
shown in Fig. Zb). For bothx=0.92 andx=0.94 samples, Figs. 3a) and 3b), respectively. In both the slightly under-
(%T,5) ™" grows asT decreases, passing through a largedoped and the optimally doped sampl€&;T/%T,, and
maximum around 100 Kunfortunately for thex=1 sample, 3T, T/(%3T,4)? are weakly T dependent above a certain
these data are not availapl&heT dependence and the am- temperaturél*. For the underdoped samplé =140 K co-
plitude of (°*T,4) ~* are larger for the less-doped sample.incides with the maximum of €T,T) %, while for the op-
We point out again the remarkable similarity betweenThe timally doped sampl&*=T.. Although these data are not
dependence of ®T,T) ' and (®*T,;) ! of the optimally  available for the overdoped sample, tH€T,T) ! increas-
doped sample investigated here and that reported by Itoimg continuously from higil down toT,, without any satu-
et al?® for a nearly optimal THBa,CuGs,y . rating tendency, suffices to ensure that there is no signature

Now we compare ©T;T) ™! to (°°T,4) % The imagi- of the opening of the spin pseudogap abdye Therefore,
nary part of the dynamical electron spin susceptibilitythese results strongly suggest that the crossover to the spin
x"(g,w) is probed by €T, T) ", while information on the pseudogap regime at=Qu is occurring precisely at the
real party’(q,0=0) may be extracted from (§9T,,).%°If  optimal doping.
x"(q,0) andy'(g,0=0) are dominated by the contribution ~ There is not yet a consensus about the microscopic origin
nearq=Qag and if one first neglects a possible temperatureof the pseudogap and neither about its possible relationship
dependence of the correlation lengtfin agreement with all  with the highT.. In the MS theory, at high temperatures,
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there is a crossover to a gniversal scaling regime at some Optimal doping
temperatureT,, corresponding to a coherence lengiha 3.0 . ' ‘
~2. T, is associated witfTy and marks the onset of quan- Underdoped Overdoped
tum critical (QC) scaling behavior, of the=1 dynamic 25¢ -

critical exponent, whose low-temperature end is given by 20k AT

T*. At T* the system crosses over to the quantum disor- = sl D‘Ti ‘

dered regime with the opening of a spin gap in the spin =
excitation spectrum. According to the MS modathen the = 7 T
disorder introduced by the hole doping is too high, the scal- 100 o m\
ing is no longer valid. So the overdoped samples are in a X/ .
nonuniversal mean-field regime, which resembles-2 de- 0.954 2 6 2

scription, wherey’ (Qap)I' ae is T independent and therefore
a relation (I'lT)/(ng)zzconst should be obeyed in the limit
of long correlation length for the AF spin fluctuations. As a
matter of fact, (I'lT)/(ng)zzconst is quite well verified
both for the optimally doped sample investigated here an
TI,Ba,CuQ;.y.*® The MS modéi also predicts that in the

(-AT /T (%)

d FIG. 4. Magnetic phase diagram for Y123 based on the NMR
data presented here: the characteristic temperatures as a function of

. i the doping levelT, andT* are crossover temperatures defined in
h * 0
QC regime, In the range of temperature betw@grandl , the text. T ratures are exoressed with respect to th m |

TaT(<Lap), T29 (=€), andxs(T) should all be linear ifT, of the optimally doped compositioriTg™), and the doping level is

a}nd thus the ratio'l(l'!')/(leg) is constant._ If these predic- expressed as the relative decreas@ ofrom T2,
tions seem to be fulfilled in YB&Zu,0g,! in the “90 K”

Y123 samples this corresponds to a rather narfowange

and the error bars remain too important to allow one to disyenced by Zhengt al,%® who have shown that the substitu-
tmgwgh between the two regimes. The same way, even .fOLIion of CU2) by Zn (which depresses,) destroys the spin
the slightly underdoped sample, one canznot rellal_:JIy dec'd%seudogap in YB#CW,Oq, with a minor change iny<(T).
whether [T, T)/(Tg) =const or I;T)/(Tzg)"=const is bet-  This indicates, first, that the decrease Tf produced by
ter verified abcivlél'*. We note also that a linear behavior of onmagnetic Zn doping is related to the modification of the
(T.T) ' andT,q4 extends up to the higher temperatures, faraF correlations and, second, that the spin dynamics at the
above To. Within the MS theor§ the flattening of T2 center and at the border of the Brillouin zone are somehow
around 110 K is attributed to the saturationfoHowever, it decoupled® In addition to this, the high pseudogap tempera-
must be stressed that the interpretation BfT) ~* ande_gl ture and high characteristic energies of the spin fluctuations
changes for short coherence length®3? and if the non-  reported in mercury compountds®may also suggest a rela-
negligibleq~0 contribution is taken into accoufit. tionship to the highT.’'s of these compounds. Of course, the

In order to clarify the role of magnetic excitations in su- experimental evidence is yet too sparse to enable any con-
perconductivity, the relationship between the anomalies obelusion about the relationship between the spin pseudogap
served in the NMR measurements and those observed #nd superconductivity, and so further investigations are
transport measurements has been discussed. First Bucheeded.
et al® and, more recently, Barzykin and Pirfé% argued
that T* coincides with the temperatui®, below which the
resistivity ceases to be linear h Indeed, for YBaCu,Og
this seems right, but not for LSCO where the anomaly at The main findings of this work are summarized in the
occurs at a temperature much higher tiiadn As Nakano magnetic phase diagram proposed in Fig. 4, where the cross-
et al>* have pointed out, in LSCOY,, is closer to the maxi- over temperature3* and T, [determined from £°T,T) !
mum of the static spin susceptibilityT¢). Further strong and ys, respectively as well asT. are plotted as a function
evidence relatingd , to T, was recently brought on by resis- of the relative deviation from the optimal doping. For the
tivity measurements revealing that the characteristic tem- first time we were able to compare the NMR results of three
peraturesT, are not affected by Zn doping in Y123. Once single crystals belonging to the “90 K plateau” of the Y123
Zhenget al*® have shown that the Zn doping destroys thecompounds. We observed quite distinct behavior for
spin pseudogap while leaving almost unchangedT),  (®°T,T)™%, (%T,y) %, and ®K, according to the doping
these results support that the anomalies in the resistivity arevel. When the doping level is smaller than the optimal, a
related to crossover temperatufg, and not to the spin spin pseudogap regime appears in the range of temperature
pseudogap alj=Q,r. Finally, Julienet al® arrived at the betweenT* andT.. We could determine that the crossover
same conclusion from almost perfect scaling of the in-plando the spin pseudogap most probably occurs at the optimal
resistivity (divided by T) and ®K,, in an underdoped doping, wher€T* coincides withT. within the experimental
HgB&CaCuwOg. 5. precision. The temperatufg, is always superior td* and

The key finding of this work is the coincidence of the T.. Upon increasing dopingdl, decreases, witff>T* at
disappearance of the spin pseudogap precisely at optimaptimal doping and tending towardg. in the overdoped
doping, which suggests that some relation might exist beregime. The properties in the narrow rangg>T> T could
tween this phenomena and superconductivity. Actually, theot be clearly identified. We also speculate that a similar
importance of the AF correlations to the highh was evi- temperature dependence fgg, (T,T) %, and ('I'Zg)‘1 is

IV. SUMMARY
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found in every optimally doped cuprate. Further studies com-
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