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The responses to the magnetic fight) of the pseudogap and the superconductivity in the underdoped high-
T. cuprate YBaCu,Og (T.=74 K) are reported up to 23.2 T based on NMR measurements. Even though
23.2 T reduced . by 26%, no effect is seen on the normal-state pseudogap, which persists in the temperature
range where the superconductivity is destroyed by the field. For temperdtgr&s K, the spin Knight shift
increases with increasing and also theH and T variation of the ®Cu nuclear spin-lattice relaxation rate
(1/T4) is LT, TH. A possible explanation for this finding is offered as due to khimduced quasiparticle
states that extend from thiewave vortex centers with ungapped spectr{iB0163-182@9)50438-4

The high-temperature superconductit§C) Cu-oxides ces is, therefore, expected to have very different properties
(high-T, cupratep exhibit many unconventional aspects. from those ofs-wave superconductofs.
First, there is the puzzling appearance of the so-called In this paper, we report the responses to the magnetic field
pseudogap in the normal state abdye This is a phenom- (H) of the pseudogap and the superconductivity in the under-
enon of suppression of the spectral weight of the quasipartidoped highT, cuprate YBaCu,Og based on®Cu NMR
cles, which was first suggested as a spin gap by nuclegheasurements in the Cy@lane at fields up to 23.2 T. The
magnetic resonance (NMR)' and neutron-scattering T_ of this sample is 74 KRef. 20 which is slightly lower
experiments, but shown to be a quasiparticle gan the  than the typical value of 80 K. However, no difference in
NMR measurement, the pseudogap is characterized by thgr arising from this difference of . was detected by mea-
decrease of I, T aboveT, which probes the low-energy g ing 5 |ater sample af, =80 K. We used aligned powder
dynamical susceptibility. The pseudogap was also found SUbés described previousR. The T, under the field H

sequently in resistivity, optical reflectivity’> and others$. —232 T parallel to thee axis was found 1o be 55 K b
Perhaps the most direct evidence is from the angle-resolved """ P y

photoemission spectroscopRPES.’ The ARPES finding measuring the frequency shift of the NMR resonance circuit.

of the d,2_2-like symmetry of the pseudogap has led manthlgure 1 SIhOWS some typr:c_:arl] spectra at vanbl;_farll;d';f?]r
people to propose that it is a precursordgf_,2 supercon- the central transition at which measurements @f, Hnd the

ductivity caused by Cooper pairs formed abdve®® Knight shift K were made. The alignment is satisfactorily

Another aspect of the cuprates which has attracted gre&0d- For the field alignmett|jc axis, the planar site G8)
attention is the SC state. There is strong evidence that thié Well separated from the CuO chain site(Quat allH and
pairing symmetry isl-wave, which differs frons-wave sym- T. For HL c axis, the separation between the two spectra is
metry in that it has nodes at the Fermi surface. The lowgood at low fields, but they overlap Bt=23.2 T. The full
energy excitations are gapless, which leads to new phenontwidth at half maximum of C(2) is ~90 Oe atT=77 K for
ena such as a power-law temperat(Fedependence for the both field alignments. AtT=4.2 K, it increases to
thermodynamic quantities at loW. Because of this anisot- ~220 Oe H|c) and~250 Oe {HLlc) atH=23.2 T.
ropy of the SC energy gap, the response-efave supercon- 1/T, for H||c axis were extracted from fitting the nuclear
ductors to a magnetic field is also of great interest. Substarmagnetization to[M () —M(t)]/M(e)=0.9 exp(-6t/T,)
tial works have been devoted to the study of the vortex+0.1exptt/T;) under magnetic field and[M(x)
state!®~18The gap ford-wave superconductivity vanishes in —M(t)]/M (%) =exp(—3t/T;) at H=0, respectively. The
the nodes leading to a divergefhalong the nodal directions. strength of the RF fieldd; was ~100 Oe. NoH; depen-
The corresponding quasiparticle state associated with vortdence of 1T, was observed down to half the value Idf
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P optical reflectivity® to the pseudogap temperature. There are

many theoretical proposals for the pseudogap, including the
resonating-valence-bond spin-singlet formatibn,spin-
density-wave instabili§/ and the SC precursor that the in-
I M - I L coherent Cooper pairs are formed abave®® The recent
o8 1.2 1.6 2.0 ARPES measurements have revealed that the pseudogap has
Frequency Shift (MHz) a dy2_,2 symmetry which evolves smoothly into the SC
FIG. 1. Typical %Cu NMR spectra at variousl and T. The state! This result has been widely considered to favor the
bottom axis is the frequency(f) shift from yH (y superconductivity precursor scenarios.
=11.285 MHz/T).(a) The unlabeled two broad peaks are from  As seen in Fig. 2, we found that the magnetic field of 23.2
Cu(l) = 3,+ 3 transitions(b) 6 is the angle betweeH and theab T, which reduces’; from 74 K to 55 K, i.e., by 26% of its
axis. (c) The dashed line shows the Qu position if K, were the  original value, has no effect on the pseudogap. This result
same as that al=8 T (see text the peak for C(l), #=0° is  appears to argue against superconductivity precursor sce-
beyond the measurddrange. The spectra ife) and (b) were ob-  narios since one expects that the strong magnetic field would
tained by sweepingl at fixedf and then converted to tifespectra.  have a strong effect on the superconducting fluctuations due
to quantization of orbital motions. It is therefore suggested
that we usedK for HL c axis was measured by sweeping that the pseudogap is a consequence of strong electron-
frequency at fixed fieldH, and determined from the electron correlation effects.
relatiort” Aw/w=K+3v3/[16(y,Ho)?(1+K)]+ 3, where Next we discuss the results well beloW.(H=0)
Awlw is the measured frequency shift of the resonance peaks 74 K. Figure 3 shows the shif(,, of %%Cu atH=8 T
vq is the quadrupolar frequency, aads the shift due to the and 23.2 T perpendicular to tleaxis. The spin part oK,
fourth-order perturbation of the nuclear quadrupolar interacfor H||c axis is small. Our data at=8 T in the normal
tion. We have used thé-dependent value ofq reported in  state are in good agreement with those of Zimmeretaal.,
Ref. 23. We estimaté to be 0.01% 88 T and negligibly =~ who measured,, from 80 to 500 K28 No appreciable field
small (10 6) at 23.2 T. effect onK,, was found in the normal state. HowevKr,, is
First, we discuss the results abougH=0)=74 K. Fig- substantially increased byl at low T [also see Fig. ©)].
ure 2 shows thd@ dependence of T4T for 3Cu atH=0  The measured shift is decomposed Kgp=Ks+Kgia
T22°11 T, 15.6 T, and 23.2 T for||c axis. 1T, T is related  + Ko, WhereKg is the shift due to spin susceptibility, and
to the dynamical susceptibility x(q,w) by 1T, T  Kgp andKgyi, are, respectively, the contributions of the or-
:3kB/4(1/MZBﬁ2)EquA7q[|mX(q,w)/w],24 where A, is  bital susceptibility and SC diamagnetism. Furthermétgis
the hyperfine coupling constant atid means the imaginary related to the density of statéBOS) at the Fermi level by
part. In optimal or overdoped materials, T1T increases K= —4u3A gNg(E)[of (E)/JE]dE, whereA, is the hy-
down toT, asT is lowered? This behavior is understood as perfine coupling constant. At loW, KsxN(0). In general,
due to the development of antiferromagnetic spin correlaK,,y is considered to b& andH independent in the range
tions asT decreases. In underdoped materials, howevenvhere our experiment is carried out. We estimate the dia-
1/T,T increases with decreasinf down to a certain tem- magnetic shift to be-0.02%,—0.009%, and—0.005% at
peratureT* which is aboveT, but starts to decrease upon H=8 T, 15.6 T, and 23.2 T, respectively, by usiffy;,
further cooling, forming a broad peak aroufitl. As seenin = (¢o/4m\phe)IN(Be™ Y2d/\E,uE), where ¢ is the flux
Fig. 2, in YBaCu,Og, T*=160 K. We refer thisT*,  quantum\ is the penetration depth,is the vortex distance,
around which anomalies are also observed in resistivid ~ and 8=0.3812° We have used,,=22 A extracted from
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FIG. 3. Knight shift of planar®*Cu at 8 and 23.2 T with field
perpendicular to the axis. The reduction of . by H=23.2 T for FIG. 4. 1T, of 8%Cu vsT at variousH||c axis. The symbols are
this field alignment is estimated to be 2.5 K. The inset shows thehe same as those in Fig. 2. The open and filled arrows indicate
field dependence df,,— Ky, at T=4.2 K. at 0 and 23.2 T, respectively. The solid line indicates thig 4T

relation. The upper inset showsT4T normalized by its value at

H.,(Hllc axis)=70 T which was determined from the ini- T.(H) vs reduced temperatuf®/T.(H) for ®Cu and 'O at H
tial slope of T, suppression by the fieRy, Nab= VAa\p =11 T. The lower inset showsT{ vsH atT=4.2 K. The line is
=1300 A, \.=9000 A (Ref. 31, and the relation./\ 5, a linear fit that omits the zero-field datum, which might be affected
=&,/6..  Actually, Barrett etal. observed for by extrinsic relaxations due to, e.g., magnetic impurities.
YBa,Cu;0; (T,=90 K) a diamagnetic shift of-0.02% at
H(Lc)=8 T using an NMR measurement &Py .32 Al- the DOS associated with an isolated vortex is proportional to
though we could measure the shift at lovér the diamag- JH. At high fields, these gapless regions extend along the
netic shift then becomes significant which prevents a reliabldour nodal directions from a vortex core and overlap each
evaluation ofK . After accounting for the diamagnetic con- other, forming spatially-connected stripes of gapless
tribution, K=K ap— Kgia is plotted againsH in the inset of ~ regions:>*° Ichioka et al,* found that in high density of
Fig. 3. We find thaK ¢ increases by 0.03%0.01% on going Vvortices the DOS still increases with increasing field up to
from 8 10 23.2 T. H.,, but varies adNg(0)/No=(H/H,)%*, whereN, is the

It is hard to explain in the framework of theories for con- normal-state DOS. In this situation, the NMR spectrum is a
ventional superconductors the present experimental findinguperposition of parts from the regions which are less or
which appears to be compatible with the specific-heatittle affected by the presence of vortices and those from the
measurementy. Since the vortex core volume fraction regions around vortex cores where the local DOS is larger.
~H/H(HLc)<0.05 is very small, wherd ,(HLc) is The measured shift is a weighted average of various shifts.
estimated to be 490 T from, quasiparticles in the cores only That theH-induced increase dfs at low T is quite small is
cannot generate a detectable shift in the full NMR spectrumbecauseH ,(HLc) is large. In fact, preliminary measure-
Also, the NMR line broadening due to field inhomogeneity ments on an overdoped material which has a sméllgy,
in the presence of vortices is given bw/2[ ¢,/(27)¥\?]  revealed a more significant changekf. The spatially in-
for BCS superconductofS.The line broadening due to such homogeneous Knight shift may also explain the larger broad-
field inhomogeneity is estimated to be 53 Oe Fffc axis  ening of the NMR line belowl .
and 8 Oe foH L ¢ axis, which is not sufficient to account for ~ If this is the case, the appearancetbinduced residual
the much larger linewidth observed here. DOS in the SC state should also be probed byThenea-

Alternatively, anH-induced gapless state duedevave surements. We plot T; as a function ofT in Fig. 4 in
vortex, which has been proposed theoeticHly}> may ex- logarithmic scales. We remark that there was a short compo-
plain the experimental finding. Id-wave superconductors, nentofT; at low T whose fraction was only a few percent of
there are gapless regiofisodes in particular directions in the total; its origin is unclear. The values off1/in Figs. 2
momentum space. Fahe2_,2 gap symmetry, the nodes are and 4 are those obtained from the fitting of the theoretical
along lines tilted 45° from the Cu-O bonds in the GuO equation to the predominant magnetization. There, it is seen
plane. This condition leads to a divergeéhtlong the nodes that 17T, T is substantially enhanced by below T (H=0)
which implies that the quasiparticles are not localized in the= 74 K. The most prominent feature is that whens large,
core!13in contrast toswave superconductofS.In fact,  1/T;T becomes independent @fbelow 15 K. It should be
recent theories have indicated that the quasiparticle states a@gphasized that this conclusion does not depend on the ori-
extended outside the core and that they have a continuogin of the all shortf; component, since if one plots the
excitation spectrum without a gap-'°Volovik'® found that ~magnetization as a function dxt one finds that the data
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for all T<15 K fall on a single curve. The magnetization vs Work needs to be done to quantitatively account for the ex-
Txt plotfor H=11 T can be found in Fig. 4 of Ref. 30 and Perimental results.

qualitatively the same plot was obtained at higher fields. This

1/T,T=const behavior was also observed for th€O
nuclei®® In the upper inset of Fig. 4, we plotT4T normal-

In summary, we have investigated the responses to high
magnetic field of the normal-state pseudogap and the super-
conductivity in the underdoped high: superconductor

ized by its value af(H=11 T) against the reduced tem- YBaCWwOg (Tc=74 K) based on the NMR measurements.
perature, T/T.(H=11 T). We see that the data for both We have found that a field of 23.2 T, which redudesby

3Cu and'’0O fall on the same curve belaoW, . Since 1T in

26% has no effect on the pseudogap, suggesting that it has a

the d-wave SC state can be described in terms of the DOS a&iStinct origin from that of the superconductivity. At low

1/T1To<fN§(E)f(E)[1—f(E)]dE, wheref(E) is the Fermi
function, this result is strong evidence thal L/of both the

temperatures we found that the Knight shift increases with
increasingH, being consistent with a field-induced DOS at

63Cu and 'O nuclei probes the same DOS. Note thatthe Fermi surface. Thel and T variations of 11, as 1T,

1/T, T=Ng(0)? at low T. Moreover, the magnitude of T{
below 15 K increases linearly with increasiily The lower
inset of Fig. 4 shows thel dependence of T4 at 4.2 K. A

«TH are also consistent with the emergenceHsinduced
DOS.

Note added in proofAfter submitting this manuscript,

spin diffusion to the quasiparticle state with continuous ex-WO papergK. Gorny et al, Phys. Rev. Lett82, 177(1999

cited spectrum within the core which we suggesteda

previously?3* might be able to explain th&; result, but
cannot explain the Knight-shift result. The identidadepen-
dence ofT; for both ®3Cu and*’O below T, also appears to

nd V. F. Mitrovicet al, ibid. 82, 2784(1999] on the spin-
lattice relaxation under magnetic fields in the normal state of
the optimally doped YB#u,O,, inconsistent with each
other though, have appeared.

argue against the scenario of spin diffusion to the core, since We are grateful to M. Ichioka and K. Machida for helpful

the nuclear spin-spin relaxation tinfe for these two nuclei
is largely different(by a factor of~10).
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