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8%Y nuclear magnetic resonance study of Ca-doped ¥ xCa,Ba,Cu;0, from the underdoped
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8% NMR linewidth, Knight shift, spin-echo dephasing, and spin-lattice relaxation measurements have been
carried out in ¥, _,CaBa,Cu;0, . Underdoped and overdoped samples have been obtained by meatis of Y
for C&" substitutions in the parent chain-empty antiferromagn@i€) YBa,Cu;Og; and in the chain-full
YBa,Cu;0;, respectively. Unexpected effects, as the divergence of relaxation rate with the concurrent broad-
ening of the NMR line in the underdoped superconducting phase and the inadequacy of the Korringa relation
between the relaxation rateTh/and Knight shift, even in the overdoped regime, suggest that a revision of the
commonly accepted view of YB&U;Og., cOmpounds is required. In particular the linear temperature depen-
dence of‘l’l_l and the temperature behavior of Knight shift cannot be accounted for over all the temperature
range. In the underdoped superconducting phase the divergenc&,0bri/cooling is associated with the
slowing down of excitations possibly related to sliding motions of orbital currents, or with the concurrent
freezing of AF correlated spins. Echo-dephasing measurements evidence an extreme slowing down of longi-
tudinal spin fluctuations which appear to be driven by a different dynamic, related either to flux line motions
or to 83®%Cu spin-lattice relaxation.
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[. INTRODUCTION shift, of the echo-dephasing time, and of nuclear spin-lattice
relaxation timeT,, in Y;_,CaBaCu;O, (YBCO) super-

In spite of an intense research activity along the last 15onductors, spanning from the underdoped to the overdoped
years, relevant microscopic aspects of high-temperature stiegime, in the temperature range 1.5-300 K. Preliminary
perconductor$SO) are still under debate. Besides the pairing Y NMR T; and linewidth data in ¥g:Cay 188 ClsOg 1
mechanism, those issues involve?Cspin dynamics and its  have been publishétl and two unexpected results were
interplay with carriers charge and spin fluctuations and, ifound. The NMR line was observed to broaden on cooling
underdoped compounds, the spin gap and/or the charge glg!ow about 80 K and th&°Y relaxation rate to display a

opening at a temperatué above the transition temperature Peak around 8 K, with recovery law of stretched exponential
character. Later on Singer and Irtfaconfirmed the afore-

T¢ as well as the coexistence of superconductivity and mag- tioned ob i 4 derdoned YBCO . al "
netism. The normal-state phase diagram in the underdope@ien loned observations In underdope » aiS0 reporting

regime seems to be more complex than expected. The over-CY T1 and %Y Knight shift andT, in other three samples
doped regime has been less studied and it also exhibits sorr\%'th different Ca and/or oxygen content.
unexplained features. In short, it is the evolution with the
hole concentration that presents the major challenge in re-
gards to the microscopic mechanism underlying highsu-
perconductivity. The hole concentratiom,, in YBCO depends from the

Nuclear magnetic resonance—nuclear quadrupole resdéransfer of carriers from CuO chains to Cy@lanes. The
nance(NMR-NQR), muon spin relaxation §SR), and, in  properties of underdoped YBCO are related not only to the
part, electron paramagnetic resonatiE®R have recently oxygen content but also to the chain orderttd? The best
provided relevant information on the doping dependence ofay to changen, without affecting the chain ordering and at
the internal fields, of the low-energy spin excitations, of thethe same time to attain the overdoped regime is by means of
antiferromagnetiqdAF) correlation, of the density of states C&" for Y3* substitution. In  chain-empty
around the Fermi level and of other quantitte®Y nucleus, Y;_,CaBaCu;Og the substitution forx up to 0.25(and
lacking of quadrupole moment and filtering out the AF cor-n,=x/2<0.12) leads to the underdoped regime without
relations, has already been used in several NMR sttidies affecting® the coordination of C{1) ions, which remain in
and allowed to investigate the evolution with doping of thethe 3d'° electronic configuration. By starting from optimally
phase diagram and, in particufaof the density of states doped YBaCu;O; through Ca substitution one can attain the
p(E), in which charge and spin excitations for conventionaloverdoped regime, with oxygen-full CuO chains.
Fermions can be imbeddéd. The samples of chemical composition ¥CaBa,Cu;0,

In this paper we present and discuss the results of systemere prepared by solid-state reaction of oxides and carbon-
atic % NMR measurements of the linewidth, of the Knight ates in flowing oxygen at 1000 K for about 100 h. X-ray

Il. EXPERIMENTAL DETAILS AND RESULTS
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TABLE I. Superconducting transition temperatufg in over- . . —
doped and underdoped; Y,CaBa,Cu;0, and estimated number of 300 A ,~ overdoped |
holes per Cu@ unit. +A +Aé regime
X y Te (K) Ny 2504 + i i R
0 6.65 62.5 0.12 ) . X=g~(1)g

~_ ® x=0.
0.05 6.97 82.0 0.18 £ 2004 b x=0.25 g ol
0.1 6.96 73.0 0.20 & o
0.1 6.96 70.0 0.21 ;’m 1 =
0.2 6.98 49.5 0.23 " 450 underdoped 0 o <l
0.25 6.1 351 0.07 regime m o I>
0.15 6.10 341 0.07 1 \ o\ - vr
~0.15 6.05 262 0.06 100- PR - i
0.1 6.10 142 0.06 | }&‘O v
: : . | >
18
50 — T

. . . 0 SO 100 150 200 250 300
powder diffraction was used to check the presence of a single T (K)

phase. The oxygen stoichiometry was first estimated by ther-

mogravimetry and energy dispersive spectrometry. Then the FiG. 1. 8y NMR Knight shift as a function of temperature in
samples were either oxygenated closg/to7 by annealing  underdoped and overdoped regimes of YCaBaCuO,. The

in oxygen atmospher&5 atm at 450 K for about 100 h or data represented by down triangles and by open diamonds are from
reduced as much as possible by leaving them under vacuuRef. 12 forx=0.22, while the ones represented by open squares
for about 100 h. The final oxygen content turned out to beand up triangles are from Ref. 5 far=0.20.

y=6.97+0.02 for overdoped YBCO ang=6.10+0.05 for

the underdoped samples. The zero-field t_ran_sition temperay the expenses of the slow relaxing, single-exponential re-
tures T¢(0) were estimated from magnetization curves mcovery (inset in Fig. 4. The longT, component follows

H=20 G. Sharp transitions were detected in overdoped & pproximately the temperature dependence expected in the

well as in underdoped samples havifig=50 K (see Table . . .
). In strongly underdoped compounds the transition was ob§uperconductmg phases, while the fast relaxing component

served to broaden. It can be remarked that the local disordt%ﬁowsI a (jt!vergetnt beha\{|or O? c;)ohng, V\Q;h a magngt:(m of
evidenced? in %3Cu NQR spectra and related to electric-field Tk? re allxa '?n ra etogcurrr:ng ata emzera; geargun f )
gradient distribution is not manifested in tA& NMR spec- e relaxation rate in the superconducting phase of over-

tra. In Table | the transition temperatufe(0) and the hole doPed samples is roughly the one expected befew once
concentrationn,,, estimated according to the empirical the contribution from vortex motions around the irreversibil-

max_ 1 _ 82 6(n,— 0.16), are reported ity temperature is taken into account.

expressiof T /TR = ; e . .
In Fig. 1 the Knight shiftks of the Y resonance line Finally in Fig. 5 the temperature behavior of the effective

with respect to the one in a reference solution of Y @ifter
the substraction of temperature independent 150 ppm chemi- 15— - - - -
cal shift contribution is reported. The®»Y NMR linewidth v
[full width at half intensity(FWHI)] is practically tempera- J 0 x<bAST.(0)=MK
ture independent down B in optimally doped and in over- i : 4 02T O=30K
doped compounds, showing only a little increase on cooling.  10F 1
In the superconducting phase of the overdoped samples only
the broadening due to the vortex latfiacurs. On the con- o
trary, in underdoped compounds the linewidfig. 2) in- D&)
creases sizeably well aboiig. .1! Below T the line broad- 5p ° 1
ening superimposes to the one due to vortex latticeg, : o
N\ (T) "2 (\_ is the London penetration length L\ 4 9 o ]
The 8% spin-lattice relaxation ratesT.{ are reported as a _T_(_}_[)___'ik__g """ /S ﬂ """"""""" %
function of temperature in the normal stékgég. 3) and in the ol L L L
superconducting phasékig. 4) for typical overdoped and 0 50 100 150 200 250 300
underdoped samples. The recovery laws in the normal phase T &)
are described by a single exponential, as expected for £ 2 8% NMR linewidth 5v (FWHI), in Ho=9 T, as a func-
=1/2, with a site-independent fluctuation dynamics. In overjon  of temperature in the underdoped regime of
doped compounds an exponential recovery law is detected,  caBa,Cu;04;. The data reported as triangles are from Ref.
also belowT¢. In underdoped compounds a fast relaxing12. The solid line belowl(H) tracks the behavior of the linewidth
component, of stretched exponential character, is found t@v;, expected from the vortex lattice, foi(H)~25 K (see Ref. 1
arise progressively on cooling below about 60 K, increasingand references therein for details

3v (kHz)
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FIG. 3. 8% NMR relaxation rate in the normal state, in over- 0.01 41 s o
doped Y_,CaBa,Cu;059s (@ and in  underdoped .
Y, 4CaBa,Cu;Og,; compounds (b). The data for x=0.22 . X A O
[Tc (0)=~75 K (open circley and T(0)=30 K (open triangled 7] X
are from Ref. 12. The dashed-dotted line,(a, is the best-fit be- i T
havior in overdoped compounds, by using the generalized suscep- Y S0 15 20 25 30 35 40 45 30 55 60 65
tibility as given in Ref. 20. The dashed line, (D), tracks the effect T (K)
of the spin-gap opening occurring below about 350 K. In the inset a N . ]
typical recovery plot observed in the normal state is reported. FIG. 4. ®Y relaxation rate, in the low-temperature range for

overdoped Y_,CaBa,Cu;Og o5 [0pen symbolsx=0.05 (squarep
decay rate I,, namely, the inverse of the echo decay time?clo(;':g S(;rrﬁlggfj]: 06_123 (;((;La:]:;exrdzooéig’ -?-i ’Eg?‘f;éc&(otﬁl
to e ! from the initial (extrapolateglamplitude, is reported, angles, x=0.15, T(0)=34 K (circleg]. The lines are guides for
as detected in the standawd2-7- sequencéHahn echdor  the eye. The inset evidences that in underdoped regime the recovery
in Carr-Purcell-Meiboom-GillCPMG) sequence. law is the sum of two components. The fast relaxing component has
a stretched exponential character dnchas been taken as the value

at which it reduces te™?.

Ill. ANALYSIS OF THE DATA AND DISCUSSION

The NMR line shape results, in principle, from severalwhereHp is the z-component of the magnetic field at the Y
contributions. One source is related to the dipolar interactiorsite and where the static uniform spin susceptibijity (in
with like (8%) and unlike 3°Tu) nuclei, and yields a eV * units has been introduced, whibes,i=9u3x"-
Gaussian line shag8.Due to other sources of broadening, In cuprates the 8 electron band is rather narrow and in
such as field inhomogeneity, distribution of demagnetizatiortight-binding models the magnetic properties are usually well
factors, etc., the FWHBv of the Y NMR line is found  described within a localized spin approximation, with maxi-
around 1 KHz.5v depends only little on doping and should mum spin density at G@) site. Theny' in Eqg. (1) can be
be practically temperature independent, dowd¢a In the  thought of as theg=0,0=0 limit of the generalized spin
superconducting state extra broadening is due to the bulkysceptibilityy(q,») pertaining to the Cti magnetic mo-
distribution of the local field induced by the flux-lines lattice ments.
and 89Y linewidth tracks the local-field modulaticfﬁ. It is In the somewhat Opposite interpretative model the dopmg
evident from Fig. 2 that another line broadening mechanisninduces a Fermi liquid of itinerant holes. In this ca$g can
is present at low temperature in the underdoped compoundge written as (8r/3)(u,)2gug ((uy) being the average of the
arising well aboveT(H). Bloch function for carriers at the Fermi surfaceamely, the

As regards the shift of°Y NMR line, K originates from  hyperfine contact term, and the static susceptibility is usually
the field-induced polarization of delocalized Fermi-like car-written as
riers or from the field at the Y site due to the localized mag-
netic moments at the &l spin, depending on the interpre-
tative model. Since the field is mostly due to the scalar ¥'(0,0= P(Ee) )
transferred hyperfine interaction, one can consider the shift " 1-Ip(Ep)

Ks as isotropicKg is related to the spin susceptibility,
with p(Eg) being the density of states at the Fermi level and
H 7=14-¢ a doping-dependent coupling constant which ac-
KsZ—DXsme Hpguex', (1)  counts for the AF correlation. Within the scenario of delocal-
gup ized carriers a phenomenological way to account for the evo-
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doped and overdoped;Y,CaBaCu;O, . It should be re-
+ 400 + 1L marked that this behavior is not in agreement with the Kor-
ringa relationT ; T ng, sinceK g in overdoped compounds
; * I is temperature dependent, decreasing by about 20—25% on
+ * + + increasingT from 80 K to 300 K(Fig. 1). This anomaly was
] *** ‘ ] already pointed out by Nandat al® in optimally doped
+ ol . IN; YBCO, by extending the measurements up to about 800 K.
i

. The data forKg and T, in the overdoped sample with
0 r - - - =0.10 can be compared with the theoretical calculation by
T (K) . using the generalized susceptibility given in Ref. 20, in cor-
100 " | rgspondencg to the valug,=0.21 for the hole concen_tra—
.. na LN 8 tion. A partial agreement for th@ dependence oKg is
LN i found. However, the lineaf dependence of T4 could be
reproduced only over a limited temperature range, similarly
20 100 150 200 280 300 to what was already found in opt[mally doped YBCO. .
In underdoped compounds, in agreement to previous
T(K) Jergoped ¢
observationg;® the linear temperature dependence of;1/
FIG. 5. Inverse of the dephasing time of the spin echo inbreaks down due to the pseudogap opening. For a Fermi-like
Y 0.7:Ca »BaCU;0; ; for the Hahn(squares and for CPMG(tri-  Spectrum of excitations, sinceTkk<p?(Eg), the pseudo-gap
angle3 sequences, as a function of temperature. In the inset this manifested not only in the spin but also on charge excita-
blow up of data for the Hahn echo in the low-temperature range igions, as observed by means of various technidlies.
shown(the dotted line is a guide to the aye 8% NMR results indicate that a DC model can hardly be
applied in the underdoped regime. One may speculate that
lution of Kg with doping in the overdoped regime is to add the spin-gap opening has to involve a phenomenon of mag-
an energy independep{E) with a density of states showing netic character, such as antiferromagnetic fluctuations lead-
a singularity at the Fermi levélA form of x(0,0), some- ing to a local situation similar to the one occurring in the
what including the features of both models will be recalledparent AF, with a gap between two Hubbard bands.

O Ll v I

o

later on. In the SC state the temperature dependence Bf i
The 8Y relaxation rate can be conveniently written in overdoped(and in optimally dopedYBCO is substantially
terms of the dynamical spin susceptibiftt}?° the one expected for spin-singlet asievave pairings, with a
3 slight shoulder aroun@=50 K possibly due to the flux-lines

% > X (0, @) motions. The behavior in underdoped compou(fég. 4) is

L :kaTZq Aaw—m (3 dramatically different. A sharp peak in T, around T,

=8 K, is detected and foF <50 K the recovery law takes a
and the form factorAg can be assumed independent of thestretched exponential character. The peak iy i$ a neat
orientation of the external magnetic field. For localized mo-indication of the occurrence of slowing down of the spin

ments one hésA;i:H%{cosz(qxa/Z)co§(qyb/2)co§(qzd/2)} fluctuations in the 20 MHz range. It points out that a further

(d is the distance between adjacent Gu@anes with Hp, source of relgxation, not present in overdop_ed samples, has
~36 KOe. For ferromagnetic correlation among plangs tq be taken into account. On general physical grounds, in
-0. ind of the nonexponental recovery Iavi, one can wite the
. . 2. . . and o :
For delocalized carneréDC.) Aqls practlgallyq |r'1depen- relaxation rate du?a to the extra co?f/ltribution in underdoped
Qent.Arecent attempt to denveaformp@g,w) swtglble o g¢ phase as 14%8972<hgff>J(erTe)a w7 is the
fit the temperature dependence B°Cu, 1’0, and ¥ T, spectral density at», =8%yH, and 7, effective correlation

in optimally doped is due to Zavidonov and Brinkmaii _ . - .
P y €op by time for the transverse fluctuations bf(t) at nuclear site

using a two-times Green function method, withitt&model _ _ 5
framework. We recall that because of thdependence of? V.V'th mean square amplitudg,). The stretched exponen-
9 . _tial recovery corresponds to

filtering out the AF fluctuations, to a good approximation, the
relaxation rate becomes

> (1 1
—WTHY2_ f (_) (—t/Ty) (_)
89, 2 e Vo= e d 5
i—_yHZI(B_TE XS(OlO) (4) 0 p Tl Tl ( )
T, 2 °N < 10
q q
) where
where the form factor has been takegrindependent, as for
delocalized carriers. In optimally doped YBCO, in the tem-
perature range 100—-300 K the experimental behaviordf 1/ i _ L ~Ty/4TS
has been rather well reproduced. P T, T, 72
The linear temperature dependence of the relaxation rate 2w -
in the normal state is a characteristic mark of optimally T
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FIG. 6. Fit of Y relaxation rate in ¥ 7£Ca ;88,CsOg 1 for a FIG. 7. Normalized echo amplitude for representative tempera-

single energyE (dashed-dotted lineand for a rectangular distribu-  tures. The stars indicate the decay of the echo amplitude after a
tion (solid ling). The best-fit values derived from the solid line turn CPMG pulse sequence. The lines are guide for the eye.
oUtE=22 K, A=16 K, andry=8x10"1%s.

is a distribution function that can be related to the distribu-2ecome of the order of 180% only around 2.5 K, then
tion of the energy barrierg, yielding an average correlation fapidly increasing on cooling and flattening &t-1.2 K.
time (7o) = 7oel(E/ke Tl The conglusmn is thgt the §I9vl\/|ng down of the spin dynam-
From the condition that fof =T, the maximum in the ¢S causing the maX"T‘UTl'“Tl could be responsible only
relaxation rates implied(w, ,(7(Tg)))=1/w_one can ex- Of the slight increase iff, d.etegzted below about 2 fsee
tract \(h%;) from the experimentall(T=T,) data. One Fig. 5. Therefore the peak iff, ~ observed arouh7 K is
obtains \(hZ;)=15 Oe, a value about a factor 10 smallerd‘ﬂ? to a dynamic different from the one yielding the peak in
than the one in underdoped 43Sr,Cuo,.?! The reduced 11 _ataboutthe same temperature.
effective field indicates that in bilayer compounds the corre- EX{ra peaks in the spin-echo dephasing rate have already
lation between adjacent Cy@lanes partially cancels the ef- Peen detected in optimally doped YBCO, arouhe30 K
fective fluctuating field at Y site and that the extra contribu-(S€€ Ref. 24 and references thejeincluding for NQR**Cu
tion to 1T, in the low-temperature range of underdoped T2 Which would at first sight rule out the hypothesis of a
compounds could possibly arise from the sliding motions ofcontribution due to vortex dynamics. In view of the complex
orbital current$? In  Fig. 6 the data for phase diagram that has been argued to charac_terlze th.e low-
Y 0 76Ca »BaCusO5 1 in the low-temperature range are fitted emperature phases of underdoped cuprates, with a variety of
by assuming a rectangular distribution f&r of width A, low-energy excitatiorfS one cannot disregard the hypothesis

leading t8® J(w, , 7o) =[ 12w (A/T)][arctg(rew, eE* M) of the “extra peak” in 1T, indicative of a novel type of
— arctg(row e VM ] (with E and A in Kelvins) and one dynamics driving the transverse fluctuations of the local field

obtainst,=8x10"10's, E=22 K, andA =16 K. at the Yttrium site. Nevertheless, a conventional source for
Now we discuss the data for the echo dephasing. TFor the peqk observed inTj can still be envisaged in the vqrtex

=30 K the data obtained from the Hahn or CPMG sequencdynamics. In strongly underdoped Y&au,0g, the effective

practically coincide. In the low-temperature region an en-correlation time describing vortex motions has been préfred

hancement of the decay rate of the Hahn echo atauk is  (© diverge on cooling belowc, reaching the millisecond
observed. Below about 3 K, an increase'ﬁ@l begins to range at about 10 K, with afextrapolated irreversibility

: . ... temperature around (0.2—0.B}.. For an order of magni-
appear. Accordingly, the functiohg(27,,) shows a signifi- . Lot
cant changeoveFig. 7). ForT=10 K h,(27,,) is practically tude estimate of the contribution to the echo decay from the

exponential. AroundT=10 K the decay function appears vortex lattice motion one can write
roughly of the form hy(27,)<e ™/% In the low-

temperature rangel <7 K, the functionhg(27,) changes 275
again to a form resembling the stretched exponential. Having UT e~y AH?) 5
obtained from theT, data the temperature behavior af 1+ (mm/7eL)

(correlation time for the transverse fluctuatiaane can de-

rive an estimate of the order of magnitude and of the temwhile the echo decay function can be expected of the form
perature behavior of the dynamical contribution Tg*  h(7)*exg— /7 ]°. The maximum in T, )¢ should
~y?<h?>27~(8w,)?r by assuming for §w,)?> a value occur at the temperature wherg, is of the order of the
corresponding to a fraction of the linewidth, say»  characteristic measuring time, in the Hahn echo. Then a
~1 KHz. Thus the dynamical contribution t‘ﬁz’l would  very small amplitude/AH“~0.2 Oe of the dynamical ripple
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in the local-field distribution accounts for the experimentalwhich includes charge and spin excitations. However this
results T, Hmax~400 s%, at T=7 K. form seems to reproduce the experimental relation between
Another possible source for the extra peak ifi,lis the  Kg andT, in the overdoped regime only in a limited tem-
fluctuations in the local field induced B8?Cu nuclear spin- perature range, while it cannot justify the breakdown of the
lattice relaxation, with a characteristic timig"=r,,. This  conventional Korringa relation. Only a heuristic depletion of
value of %3Cu T, would be feasible if®3Cu spin-lattice re- hole density of states, corresponding to the pseudogap open-
laxation has & dependence similar to the one 8. We  ing, can justify the departure from the linear dependence of
remark that®*Cu T, measurements in the loW-range are T1 ' in the underdoped compounds.
prevented by the very short transverse relaxation tiwipe- As regards the superconducting phase, in the overdoped
out effect, see Refs. 12 and 21 for a thorough discugsibn regime the behavior df, is the one expected for spin-singlet
%3Cu 1/T; has a maximum on decreasing temperature similaBndd-wave pairings, with a slight shoulder a=50 K, due
to the one evidenced i% spin-lattice relaxation, then at to flux line motions. In underdoped compounds, instdgd,
low temperature the conditior,,=T$" can be matched and the echo decay rate show a peak=d K, while sv
again to yield a peak if®Y 1/T,. increases on decreasing temperaturefer80 K. The be-
Finally we observe that spin-glass dynamics are exhavior of T, can be tentatively attributed to sliding motion of
tremely complex, involving motions on many different time orbital currents often described as glass-spin freezing of
scales at the same temperature. The aforementioned pictumagnetic moments. A wide distribution of effective correla-
is strictly based on an activated model. Spin glasses are fdion time for transverse fluctuations is indicated. This source
more complex, and may well exhibit a peaking of fluctua-of relaxation could be present also in the dynamical contri-
tions over a wide range of time scales within a narrow rangéution to the echo decay rafg *, but only below about 2 K.
of temperatures, possibly accounting for the simultaneoutnstead an extra peak ifi, ! is detected at about 7—8 K. It
peaks inT, andT,. However, it appears difficult to quanti- has been argued how this effect could be due to a very small
tatively justify these simultaneous peaks even considering fluctuation amplitude in the local-field distribution due to the
very broad frequency distribution and, therefore, a differentortex lattice or to®3Cu T, processes, with a characteristic
relaxation mechanism has to be invoked. correlation time of the motion reaching the millisecond range
The broadening of the NMR line starts in a temperaturetypical of the Hahn echo measure. Finally an indirect evi-
range where no effects of the vortices nor “static” contribu- dence of a contribution to the linewidth broadening possibly
tion from the slowing down of the spin dynamics discusseddue to stripelike charge inhomogeneities has been indicated
above are active. It is feasible that the broadening resultas the possible source of the lack of a common spin tempera-
from a stripelike modulation in a quasistatic local fiéfdhe  ture responsible for the stretched exponential character in the
site-dependent field in the neighborhood of “stripes” pre- spin-lattice relaxation recovery.
venting the occurrence of a common spin temperature.
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