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We report NMR measurements $Cu spin-lattice relaxation rate83(T,T) 1, for magnetic fields of 0, 4,
8.8, and 14.8 T. The measurements were performed on four different samples within the family of near
optimally doped YBaCu;0;,_ 5 and for the range of temperatures above and bdlgwFor each sample we
consistently find that, in the normal staféCu spin-lattice relaxation rate is magnetic field independent and
that field dependence develops ordglow T, where (T, T) ! curves “fan out.” We describe in detail
experimental methods enabling the high precision required in such measurements.
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[. INTRODUCTION by as much as 20% over the range of fields 0-24 T. They
interpreted their data in terms of a modeldivave pairing
The behavior of the high-temperature superconductorand superconducting fluctuations.
near and above the superconducting transition remains an Speculatiof regarding the source of these experimental
important subject of experiment, probing both fluctuation ef-discrepancies centered on the possibility that the samples
fects and the spin/charge gap. In particular, over the pastsed by the various groups might be different in some way,
several years, there has been a spirited dialog regarding tig¢spite the fact that all samples consisted of near-optimally
true behavior and field dependence of fi€u NMR spin-  doped YBaCu;O;_s, with T.'s above 90 K. However,
lattice relaxation rate 5¥T,T)"! in optimally doped Mitrovic etal. have since announc¥dthat they find that
YBa,CwO, ;.1 Early reports? indicated peculiar field their direct measurements 8%(T,T) *, employing the sat-
dependences in which the rafé(T,T) las measured by ellite measurement technique that we used and advocated,

NMR at fields 6-8 T differed substantiallyvith effects of ~ Yield no field dependence, in agreement with our results,
order 15% from the rate as measured by nuclear quadrupole Now there is reasonable consensus that direct measure-

63, =1 \; :
resonancéNQR) at zero field. These effects were attributed ment of (TJ) yields no field dependence, and hence
) . . . . . _that the theories developed in response to apparent field de-
variously to field suppression of “antiferromagnetic spin

fluctuations™ or “the phase-sensitive Maki-Thompson pendences must be reconsidered. The anguished history of

. h ic though hat it is worthwhil report her
effect.” 2 In contrast, our groujsubsequently provided mea- the topic though suggests that It is wort € to report here

£3 o : the experimental procedures that were developed to obtain
surements of (T, T) "~ from 0 to 15 T and found no field o high precision methods of Ref. 3. We also report here the

dependence abov&:, with an experimental precision of gyiension of the experiment to several more near optimally
~1%. We suggestéd_that the apparent field dependencesysneq samples, in response to previous sugge&titras
observed by the previous investigators resulted from certaugamme detail is crucial. We find that the conclusion of mag-

artifacts related to their measurement techniques. Namely,atic field independence &f(T,T) ! is not sensitive to the
the previous investigators mad®(T,T) ! measurements detailed properties of the sample.

upon the “central” (3, —3) transition of spin3 %3Cu. We
discussed and demonstrated experimentahgt these mea-
surements were susceptible to “background” contamination

. Il. SAMPLES
problems, and we employed a different measurement tech-
nique, using the “satellite’(3, 3) transitions, that we dem- Our measurements were carried out on “aligned powder”
onstrated to be free of these undesirable effects. samples commonly used in high-NMR. The samples were

Subsequent to our work, however, Mitrovt al’ em-  aligned in Stycast 1266 epoxy with the crystallitaxis par-
ployed a very different technique to infer ti(T,T)"*and  allel, following the detailed procedure described by
its field dependence. Namely, they observed the transversdartindale!
relaxation rate (17,) of O, and employed a formalism We report here on four samples. Sample A was prepared
developed by Recchiet al>® and Walstedt and Cheoh§to by the Smith/Hults Los Alamos team, and is the sample of
infer the desired longitudinal relaxation rat&T,T) ! for  Ref. 3. Sample A was enriched 10 for purposes unrelated
83Cu. As such, their method is an “indirect” technique, to this experiment. To aide the reader in keeping track of this
though it is not immediately clear that it could not yield sample, we refer to it as “sample fSmith/Hults,*’O en-
accurate results. They found, for temperatures just abgye riched.”

a nonmonotonic field dependence in whitiT, T) " varied Sample B was also prepared by Smith/Hults and is the
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FIG. 1. Zero-field-cooled magnetic susceptibility vs tempera-
ture, as measured by dc SQUID magnetometer, for the four samples L
used here. Susceptibility is normalized tdl at low temperature. 265 30 30.5 31
For sample A(Smith/Hults, O enrichedl we extract transition SAEN e S N
temperatureT.=93 K. For sample B(Smith/Hulty we find T,
=92.5K. Sample C(Klamut/Dabrowski is intentionally over- r  SampleC ]

. . . - Linewidth = 220kHz B
doped using the procedure described in the text. We fipd L j
=91.5K. Sample D(Baumgartner/Lemberger, 10% Ca dopésl
heavily overdoped with 10% Ca substituted for Y, and displays a
broad transition al ;=85 K.

31.6 32 32.5

%Cu NQR Signal

sample used in Refs. 5 and 6. We refer to this sample as
“sample B (Smith/Hultg.” N

Sample C was prepared by Klamut/Dabrowgkbrthern I . A R A B I
lllinois University) in a manner to achieve higher oxygen 27.5 28 28.5 29 29.5 30 30.5
content than that found in samples A and B. Sample C was
synthesized from stoichiometric mixture of,&; BaCQ;, ,
and a powder of 100% enriché&Cu using a wet-chemistry __FIG: 2. Nuclear quadrupole resonan@¢QR) line shapes for
method. Reagents were dissolved in nitric acid at room tem(-top to bottom sample A(Smith/Hults, ‘O enrichedl and sample B

- . o . Smith/Hultg-measured at 100 K, and for sample(Baumgartner/
perature. Ammonium hydroxide and citric acid were adde ;

- . . . emberger, 10% Ca dopgdnd | Kl t/Dab -
to obtain complex citrate solutiorpH~5. Solution was ger, 6 Ca dopedind sample AklamuyDabrowski

. o O o . . _measured at 295 K. For the three samples at the top of the figure,
dried at 300 °C and decomposed in air at 600 °C. Sintering, . 63CUNQR transition is shown. Sample C, however, is made

was done in air at 850 °C. Sample was pressed into pelletésing 65Cu only, and thus thé°Cu transition is usedthe quadru-

and fired in flowing oxygen at 950°C followed by a fast hoje moment offSCu is some 8% lower than that 6fCu).
cooling to room temperature. High-pressure oxygen anneaf2

ing was done in pure oxygen at 240 atm and 250 °C for 5loped,” their superconducting transitions are quite different.
days. The wet-chemistry method leads to a dense samplEhe widths of the transitions vary from sample to sample and
with homogeneous mixing of metal ions. Sample C showed #he onsets of superconductivity change between being the
clean x-ray-diffraction pattern with sharp peaks correspondhighest(~93 K) for sample A(Smith/Hults,*’O enriched
ing to an orthorhombic structure. We refer to this sample asind the lowest(~85 K) for sample D (Baumgartner/
“sample C(Klamut/Dabrowskj.” Lemberger, 10% Ca dopgd

Sample D was prepared by Baumgartner/Lemberger The differences between the physical characteristics of
(Ohio State Universityfollowing procedures developed by our samples are evidenced further in Fig. 2 in which nuclear
Tallon et al,'? and has composition ¥Cay ;1Ba,Cu0;_ 5, quadrupole resonano®QR) line shapes measured on all
where the Ca doping is used in order to “overdope” thefour samples are compared. The full width at half maximum
sample with extra carriers. This Ca enrichment decreases tHEWHM) of planar copper NQR line in YB&u;0;_5, is
superconducting transition temperature 485 K (see be- commonly considered to be the indicator of sample’s oxygen
low) and broadens the transition. We refer to this sample asontent and homogeneit§. Highly homogeneous samples
“sample D (Baumgartner/Lemberge? Measurements on with oxygen content close t6=0 are expected to have rela-
sample D were reported in Ref. 13. tively narrow NQR linewidth with FWHM~250 kHz or

Figure 1 shows the zero-field-cooled magnetic susceptilower. For sample ASmith/Hults,*’O enriched the NQR
bility vs temperature, as measured by dc superconductininewidth is somewhat broad, FWHM-400 kHz, perhaps
quantum interference devicé€SQUID) magnetometer, for resulting from the procedure used to enrich'i®. The en-
each of the four samples. Even though the samples, witfichment in 7O has been previously shown to result in
perhaps the exception of samplgBaumgartner/Lemberger, broadening of NQR linest The NQR linewidths of sample
10% Ca doped may be described as “near optimally B (Smith/Hultg and sample GKlamut/Dabrowskj are very

Frequency (MHz)
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narrow, FWHM ~250 kHz and FWHM~220 kHz, respec-
tively, indicating small spreads in the distribution of electric-
field gradients and high homogeneity. Sample D **Cu(2) satellite, 8.8T
(Baumgartner/Lemberger, 10% Ca dopés the broadest
NQR line width, FWHM ~700 kHz. Presumably this large
linewidth results from the disorder associated with Ca dop-

ing.

|
1 T v i i ' ¢ T T ]
Ill. EXPERIMENTAL METHODS — 098 I ]
The NMR measurements of3(T,T) ! reported here 'O i ]
were performed using the inversion recovery method applied % 0.96 } E ]
to satellite transitions of3Cu or ®°Cu, with the applied field £ i ]
parallel to thec axis of the aligned powder samples. This  _ o0.94 [ 7
method of measurement on the satellite transition, described ' _—
in Ref. 3, is crucial to precision measurement. Here we F g5 [ ‘ 1%
present an additional demonstration of the reliability of that A ° ]
technique. Additionally we describe the precision methods of ool e ]
temperature monitoring and control that were used. ' 136 136.2 136.4 136.6 136.8 137
The importance of the satellife; measurement technique
(to be defined beloyis that it enables a “pureT; measure- Frequency(MHz)

me_nts on a single isotope of Cu, a single transition of the g 3. T, as measured at several frequencies within the high
spin nucleus, a Spe.CIfIC cu Slt.e Wlthlr.] the u.mt Cé!“e" frequency65Cu(%,%) satellite of sample B. The applied field is 8.8
plane Cu and r_10t ch{;un Guand with a unique orlentatlpn of T. At this field finite signal intensity can be found in the full range
the magnetl(; field W|th respect to the crystallogrf’:lphlc AXCSom 69.1 to ~136.6 MHz. However, intensity appearing near
If the NMR signal monitored were not pure as defined above136.6 MHz arises solely at the from plan&Cu in crystallites that

the T, measurement would not be reliable, and indeed ongayec axis orientations parallel to the applied field. The measured
might expect that the results inferred would have spuriousy, is shown to be uniform within~1% for all frequencies near
field dependence. 136.6 MHz. Measurement at this high-frequency satellite contrasts
Fortunately the NMR parameters that determine the plangjith measurement on the central transition, where signal intensity
and chain®Cu and®Cu line shapes are well knowA.At  may arise from more than one crystallographic location and/or crys-
the applied magnetic field of 8.8 T one expects for a fullytallite orientation.
unalignedsample to find NMR signal intensity throughout
the full frequency range from 69.1 to 136.6 MHz. Perfectly expect that the measuréiti, might depend strongly on the
aligned samples with an 8.8-T field applied along thaxis  location within the line shape, since the background would
yield a finite set of sharp peaks within that range. Ideally, thebe expected to be more important at the periphery of the line
intensity in a given peak would be pure. Inevitably, however,shape. That is not the case here. Figure 3 demonstrates that
alignment is not perfect, and so “aligned” samples yield the measured®(T,) ! is frequency independent within ex-
sharp peaks, but with background intensity associated witperimental precision of-1%. This, along with evidence dis-
misaligned crystallites. For a field of 8.8 T, however, thecussed in Ref. 3, demonstrates that the satellite measurement
frequency of 136.6 MHz is the highest at which NMR inten- method outlined here is both necessary and sufficient for
sity can be found. Moreover, intensity at that frequency carreliable T; measurementd.; measurements were performed
result only from the®>Cu (2, %) satellite, with the field par- using the inversion recovery sequence. Figure 4 shows typi-
allel to the crystallitec axis. Any misalignment can only cal ®Cu recovery curves obtained using the high-frequency
result in a lowered frequency. Thus the signal at 136.6 MHZ°Cu (3, 3) satellite of sample GKlamut/Dabrowskj at 8.8
is pure and arises solely from plarf2Cu in crystallites that T, for a temperature abov®4.5 K) and below(69.8 K) T..
have c-axis orientations parallel to the applied field. For Along with the experimental data is shown the expected
fields other than 8.8 T, fully analogous pure signals can béunctional form for the recovery [M(t)—Mgy(t)]
found, and in each case we have chosen the appropriate fre{0.1e YT+ 0.5e3VT1+0.4e~5"T1], using best fifT;'s for
quency for measurement. For example, for the field 14.7 The respective temperatures.
we chose the low-frequen&jCu at 137.6 MHz, which is the A second experimental concern for precibg measure-
lowestpossible Cu NMR signal frequency that can occur forment is temperature monitoring and control. The sample
YBa,Cuz05. probe is inserted into an Oxford CF1200 He gas-flow cry-
Figure 3 displays the measuréeCu satellite(, 3) tran-  ostat, which itself is inserted in the room-temperature bore of
sition of sample B(Smith/Hultg at 8.8 T and near 136.6 the 8.8 T superconducting magnet. The CF1200 monitors
MHz. Also shown are the results of measurements ofand controls temperature in the cryostat. We found it neces-
6(T,) ! at frequencies 136.55, 136.45, and 136.35 MHzsary though to monitor the sample temperature separately
which sample both the center and the periphery of the linaising a Cernox X0 8403 thermometer mounted inside the
shape. If a background problem were present, one woulgrobe at a distance of 1 cm from the sample. Temperature
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FIG. 4. Typical ®°Cu spin lattice relaxation data obtained using FIG. 5. Temperature vs time acquired during a typical measure-
the high-frequencyGSCu(g,%) satellite of sample C(Klamut/ ment of T,. The temperature is measured using a Cernox X0 8403
Dabrowsk) at 8.8 T. Data were obtained using the inversion recov-thermometer mounted inside the probe at a distaneelotm from
ery sequence. Closed circles represent recovery data obtained the sample. At the beginning of the NMR pulse sequence, the tem-
94.5 K(normal statgand the opened circles represent data obtaineerature rises by~0.25 K as a result of the rf heating from the
at 69.8 K(superconducting stateThe experimental results were fit NMR pulses. About 120 min after the start of the pulse sequence
to the corresponding functional formfiM (t) —M(t)]=[0.1e" YT the temperature reaches a steady state, and we began acquiring data
+0.5e73T14 0,487 8VT1], yielding ®(T,)"1=0.82117 for the T, measurement. The temperature holds steady within 0.02
+0.002274 3 at 94.5 K an§(T;) " '=0.27812-0.0034939 at K during theT,; measurement.

69.8 K. The fits are given by the solid and the dashed line for 94.5

and 69.8 K, respectively. The superconducting state measuremeffiustrate this we plot in Fig. 7°%(T,T) ! for each of the
displays a more incomplete inversion, presumably because supesamples vs magnetic field, all for a fixed temperature of 95
currents are effective in partially screening the applied rf inversiony (In cases where there was no measurement at exactly 95
pulse. K we have linearly interpolated between the data points of

_ ) Fig. 6 that are closest to 95 K95 K is, of course, slightly
vs time for the sample was monitored throughout the mea-

surements ofl; reported here. Figure 4 shows temperature [

vs time during a typicall; measurement. At the beginning 7.6 %”D% % 7.6 08 @5?4% J
of the NMR pulse sequence, the temperature rises-0y25 i of ® 7.4 % ]
K as a result of the rf heating from the NMR pulses. About al % § i m{u 7.2 3 ]
120 min after the start of the pulse sequence the temperatur b g? ' H‘ 7 ]
reaches a steady state, and only at that time do we begilf,,\ o # § &8 b
acquiring data for th&, measurement. As seen in Fig. 5,the ¢ 7-2 [ ’ - {>+“s‘o 907700710 720 130 149
temperature holds steady within 0.02 K during themea- ~ —— i 2‘ if,{‘
surement. When the NMR pulse sequence ceases the mei—_ 7 . s - T -i i .
sured temperature returns to its previous value. m':, L : i ";
el Py 9& 1
IV. RESULTS AND CONCLUSIONS L - a

The results of the®¥(T,T) ' measurements for all four 6.6 1 i ]
samples are shown in Fig. 6, with the following symbol i .
scheme: all of the gray-shaded symbols are from sample A 6.4 Ll
(Smith/Hults,*’O enriched, black symbols are from sample 90 100 110 120 130 140 150

B (Smith/Hultg, and open symbols are sample(Klamut/ T(K)
Dabrowsk). Finally, the inset is sample DBaumgartner/
Lemberger, 10% Ca dopgdrhe applied fields for each mea-
;urement are indicated by thpe of symbol(as opposed to (circles, and 14.8 T(triangle3. Gray points are from sample A
|t_s shadég with th(_a following scheme:_squares denote 0 T’(Smith/HuIts, 0 enriched. Black points are from sample B
diamonds 4 T, circles 8.8 T'_and t”f”mgles 14.8 T. Or"ly(Smith/HuIts). Open points are sample &lamut/Dabrowskj. In-
normal-state data are shown in the figure, where “normaket js sample DBaumgartner/Lemberger, 10% Ca dope@nly
state” is defined by the condition that>T¢(B) for the ap-  normal state data are shown in the figure, where “normal state” is
plied field used, and witllB,/dT= —1.9T/K.*° defined by the condition that>T(B) for the applied field used.

The clear outcome of Fig. 6 is that the normal states3T,T)~1 s found to be field independent with precision-e1%
%(T,T) ' is found to be field independent with precision of over the full range from 0 to 14.8 T. BeloW,(B), however, the
~1% over the full range from 0 to 14.8 T for all samples. To data “fan out,” as expected, and as shown in Fig. 8.

FIG. 6. Measured®¥(T,T) ! vs T for several samples at the
following applied fields: 0 T(squareg 4 T (diamond$, 8.8 T
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7.8 1 T 1 in their detailed doping level and/or degree of disorder. Both
I b samples C (Klamut/Dabrowski and D (Baumgartner/
— 7.6 _‘i ---------- L 2SS, é »»»»»»»»»»»»»»»»» g Lemberger are prepared to be “overdoped,” sample C
4 L 1 through high-pressure oxygen anneal and D through Ca sub-
"_\cf)/ 7.4 -_§ p stitution. Furthermore the temperature dependeit@ssop-
- 727§_ posed to field dependengesf 5(T,T) ! are quite different
= i ] for the four samples. All samples except D display the be-
7L ] ginnings of a sharp downturn iff(T,T) " with decreasing
2 i ] temperature, for temperatures well abdye That downturn
6.8 T o r is what is termed the spin gap effect. However, the over-
Kej {) <E doped samples C and D display a much less prominent
6.6 "(')' T e . downturn. Mitrovic et al. previously suggested that the

5 10 15 sharp downturn observed in our sample A and reported in
Field (Tesla) Ref. 3 indicated that our sample was underdoped. They sug-

FIG. 7. (T, T) " vs applied fieldB, at temperature 95 K. Open gested at the time that the field dependence that they had
circles: sample A(Smith/Hults, 'O enriched. Closed diamonds: observed might only appear in “high-quality optimally
sample B (Smith/Hulty. Closed circles: sample QKlamut/  doped materials.TAgain, though, they now repdftthat the
Dabrowskj. Open squares: sample [Baumgartner/Lemberger apparent field dependence T, T) !, which they inferred
10% Ca doped For each sampléX(T,T)~* is shown to be inde-  indirectly from their'’O T, measurements, does not occur in
pendent of field within experimental error as shown. their own direct measurements @(TlT)_l.] Figures 6 and

, .. 7 show very clearly that although the details of the sample

above T.. We select that temperature, first because it iSyfact the temperature dependencé¥ir; T) 1, they do not

the temperature range at which the “spin gap” effects a6 the finding of field independence. Our data is remark-
(discussed beloyare most pronounced, and second becausgyy consistent with the recent field-dependence measure-

it is also the temperature at which Mitroviet al* report ments of Zhengetall” in the underdoped material,
the _strongest fi_el_d de_pendence. Beldw(B) thg data_}o YBa,Cu,0s Where these authors also foufT,T) " to be
begin to exhibit field dependence and*(T,T) field independent in the normal state and enhanced with field
increases withB, as shown in Fig. 8 for two of our i, the superconducting statéThese authors have more
samples. recently® measured®(T,T) ! in TISr,CaCuyOg g and found

From Figs. 6 agd 7 we see that fall samples reported o4 gependence below and up to a few degrees above their
here the quantity3(T,T) ! is field independent. We stress measuredr (H).]
<(H).

that these samples, despite haviigs above 90 K(except In conclusion, the final clear result of magnetic field
for sample D, appear from Figs. 1 and 2 to be quite d'ﬁeremindependence of¥(T,T) ! is identical to that of Ref. 3.

Regarding the issue of the field dependence or independence

8 -|- =915K T of the spin gap effect, we have little to add to the theoretical

75L ° discussion provided in that reference. Even to this date, it

F yet appears that there are no quantitative calculations of

_ 7 F spin gap field dependence. Our result does, however,
= impact on the theoretical discussion of Mitrovit al.,*
X g5 F 1 in which they evoked a model ofd-wave super-

T r 1 conducting fluctuations that accurately reproduced their

. 6 . data. Surely superconducting fluctuations exist, and

mb ¥ 1 so we presume that the model is applicable. We speculate

° 5.5 . that the model must allow a range of adjustable parameters

F . that could encompass either their findings of strong field

5r 3 dependence or the current consensus finding of field

453”_‘,",”.\..‘,M.Hl“.f independence.

80 90 100 110 120 130
T (K)
FIG. 8. 8%CW®¥(T,T)"! vs temperature for several magnetic

fields and for two samples. All open symbols are for sample C This V\_’O_rk_ was suppor_ted by the National Science Foun-
(Klamut/Dabrowski. All filled symbols are for sample ASmith/ dation Division of Materials Research Contract No. NSF/

Hults YO enriched. Squares indicate zero magnetic field; dia- DMR-9972200(Pennington group by DARPA/ONR and
monds indicate 4 T; circles 8.8 T, and triangles 14.8 T. Also indi-State of lllinois under HECA(Dabrowski group, and by
cated by arrows on the plot are the zero-field transition temperaturddOE Grant No. DEFG02-90ER45427 through the Midwest
for each sample. While there is no field dependence afiogB ~ Superconductivity Consortiurtiemberger group Work at
=0), a clear field dependence does develop, as expected, for terhos Alamos was performed under the auspices of the U.S.
peratures below (B=0). Department of Energy.
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