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Responses of the pseudogap andd-wave superconductivity to high magnetic fields in the
underdoped high-Tc superconductor YBa2Cu4O8: An NMR study
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The responses to the magnetic field~H! of the pseudogap and the superconductivity in the underdoped high-
Tc cuprate YBa2Cu4O8 (Tc574 K) are reported up to 23.2 T based on NMR measurements. Even though
23.2 T reducesTc 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 temperaturesT<15 K, the spin Knight shift
increases with increasingH and also theH and T variation of the 63Cu nuclear spin-lattice relaxation rate
(1/T1) is 1/T1}TH. A possible explanation for this finding is offered as due to theH-induced quasiparticle
states that extend from thed-wave vortex centers with ungapped spectrum.@S0163-1829~99!50438-4#
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The high-temperature superconducting~SC! Cu-oxides
~high-Tc cuprates! exhibit many unconventional aspect
First, there is the puzzling appearance of the so-ca
pseudogap in the normal state aboveTc . This is a phenom-
enon of suppression of the spectral weight of the quasip
cles, which was first suggested as a spin gap by nuc
magnetic resonance ~NMR!1 and neutron-scattering
experiments,2 but shown to be a quasiparticle gap.3 In the
NMR measurement, the pseudogap is characterized by
decrease of 1/T1T aboveTc which probes the low-energ
dynamical susceptibility. The pseudogap was also found s
sequently in resistivity,4 optical reflectivity,5 and others.6

Perhaps the most direct evidence is from the angle-reso
photoemission spectroscopy~ARPES!.7 The ARPES finding
of the dx22y2-like symmetry of the pseudogap has led ma
people to propose that it is a precursor ofdx22y2 supercon-
ductivity caused by Cooper pairs formed aboveTc .8,9

Another aspect of the cuprates which has attracted g
attention is the SC state. There is strong evidence that
pairing symmetry isd-wave, which differs froms-wave sym-
metry in that it has nodes at the Fermi surface. The lo
energy excitations are gapless, which leads to new phen
ena such as a power-law temperature~T! dependence for the
thermodynamic quantities at lowT. Because of this anisot
ropy of the SC energy gap, the response ofd-wave supercon-
ductors to a magnetic field is also of great interest. Subs
tial works have been devoted to the study of the vor
state.10–18The gap ford-wave superconductivity vanishes
the nodes leading to a divergentj along the nodal directions
The corresponding quasiparticle state associated with v
PRB 600163-1829/99/60~14!/9947~4!/$15.00
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ces is, therefore, expected to have very different proper
from those ofs-wave superconductors.19

In this paper, we report the responses to the magnetic fi
~H! of the pseudogap and the superconductivity in the und
doped high-Tc cuprate YBa2Cu4O8 based on63Cu NMR
measurements in the CuO2 plane at fields up to 23.2 T. Th
Tc of this sample is 74 K~Ref. 20! which is slightly lower
than the typical value of 80 K. However, no difference
1/T1 arising from this difference ofTc was detected by mea
suring a later sample ofTc580 K. We used aligned powde
as described previously.21 The Tc under the field H
523.2 T parallel to thec axis was found to be 55 K by
measuring the frequency shift of the NMR resonance circ
Figure 1 shows some typical spectra at variousH andT for
the central transition at which measurements of 1/T1 and the
Knight shift K were made. The alignment is satisfactori
good. For the field alignmentHic axis, the planar site Cu~2!
is well separated from the CuO chain site Cu~1! at all H and
T. For H'c axis, the separation between the two spectra
good at low fields, but they overlap atH523.2 T. The full
width at half maximum of Cu~2! is ;90 Oe atT577 K for
both field alignments. At T54.2 K, it increases to
;220 Oe (Hic) and;250 Oe (H'c) at H523.2 T.

1/T1 for Hic axis were extracted from fitting the nuclea
magnetization to @M (`)2M (t)#/M (`)50.9 exp(26t/T1)
10.1 exp(2t/T1) under magnetic field and @M (`)
2M (t)#/M (`)5exp(23t/T1) at H50, respectively. The
strength of the RF fieldH1 was ;100 Oe. NoH1 depen-
dence of 1/T1 was observed down to half the value ofH1
R9947 ©1999 The American Physical Society
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that we used.K for H'c axis was measured by sweepin
frequency at fixed fieldH0 and determined from the
relation22 Dv/v5K13nQ

2 /@16(gnH0)2(11K)#1d, where
Dv/v is the measured frequency shift of the resonance p
nQ is the quadrupolar frequency, andd is the shift due to the
fourth-order perturbation of the nuclear quadrupolar inter
tion. We have used theT-dependent value ofnQ reported in
Ref. 23. We estimated to be 0.01% at 8 T and negligibly
small (1026) at 23.2 T.

First, we discuss the results aboveTc(H50)574 K. Fig-
ure 2 shows theT dependence of 1/T1T for 63Cu at H50
T,20 11 T, 15.6 T, and 23.2 T forHic axis. 1/T1T is related
to the dynamical susceptibility x(q,v) by 1/T1T
53kB/4(1/mB

2\2)(qAqA2q@ Imx(q,v)/v#,24 where Aq is
the hyperfine coupling constant andIm means the imaginary
part. In optimal or overdoped materials, 1/T1T increases
down toTc asT is lowered.25 This behavior is understood a
due to the development of antiferromagnetic spin corre
tions as T decreases. In underdoped materials, howe
1/T1T increases with decreasingT down to a certain tem-
peratureT* which is aboveTc but starts to decrease upo
further cooling, forming a broad peak aroundT* . As seen in
Fig. 2, in YBa2Cu4O8, T* .160 K. We refer thisT* ,
around which anomalies are also observed in resistivity4 and

FIG. 1. Typical 63Cu NMR spectra at variousH and T. The
bottom axis is the frequency ~f! shift from gH (g
511.285 MHz/T). ~a! The unlabeled two broad peaks are fro
Cu~1! 6

1
2 ,6 3

2 transitions.~b! u is the angle betweenH and theab
axis. ~c! The dashed line shows the Cu~2! position if Kab were the
same as that atH58 T ~see text!; the peak for Cu~1!, u50° is
beyond the measuredf range. The spectra in~a! and ~b! were ob-
tained by sweepingH at fixedf and then converted to thef spectra.
k,

-

-
r,

optical reflectivity,5 to the pseudogap temperature. There
many theoretical proposals for the pseudogap, including
resonating-valence-bond spin-singlet formation,26 spin-
density-wave instability27 and the SC precursor that the in
coherent Cooper pairs are formed aboveTc .8,9 The recent
ARPES measurements have revealed that the pseudoga
a dx22y2 symmetry which evolves smoothly into the S
state.7 This result has been widely considered to favor t
superconductivity precursor scenarios.

As seen in Fig. 2, we found that the magnetic field of 23
T, which reducesTc from 74 K to 55 K, i.e., by 26% of its
original value, has no effect on the pseudogap. This re
appears to argue against superconductivity precursor
narios since one expects that the strong magnetic field wo
have a strong effect on the superconducting fluctuations
to quantization of orbital motions. It is therefore sugges
that the pseudogap is a consequence of strong elec
electron correlation effects.

Next we discuss the results well belowTc(H50)
574 K. Figure 3 shows the shiftKab of 63Cu at H58 T
and 23.2 T perpendicular to thec axis. The spin part ofKc
for Hic axis is small. Our data atH58 T in the normal
state are in good agreement with those of Zimmermanet al.,
who measuredKab from 80 to 500 K.28 No appreciable field
effect onKab was found in the normal state. However,Kab is
substantially increased byH at low T @also see Fig. 1~c!#.
The measured shift is decomposed asKab5Ks1Kdia
1Korb whereKs is the shift due to spin susceptibility, an
Korb andKdia are, respectively, the contributions of the o
bital susceptibility and SC diamagnetism. Furthermore,Ks is
related to the density of states~DOS! at the Fermi level by
Ks524mB

2As*0
`Ns(E)@] f (E)/]E#dE, whereAs is the hy-

perfine coupling constant. At lowT, Ks}Ns(0). In general,
Korb is considered to beT and H independent in the rang
where our experiment is carried out. We estimate the d
magnetic shift to be20.02%,20.009%, and20.005% at
H58 T, 15.6 T, and 23.2 T, respectively, by usingHdia

5(f0/4plablc)ln(be21/2d/Ajabjc), where f0 is the flux
quantum,l is the penetration depth,d is the vortex distance
and b50.381.29 We have usedjab522 Å extracted from

FIG. 2. 1/T1T vs T and Hic axis for planar 63Cu. The
pseudogap temperatureT* is not affected by the field.
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Hc2(Hic axis)570 T which was determined from the in
tial slope of Tc suppression by the field,30 lab5Alalb
51300 Å, lc59000 Å ~Ref. 31!, and the relationlc /lab
5jab /jc . Actually, Barrett et al. observed for
YBa2Cu3O7 (Tc590 K) a diamagnetic shift of20.02% at
H('c)58 T using an NMR measurement of89Y.32 Al-
though we could measure the shift at lowerH, the diamag-
netic shift then becomes significant which prevents a relia
evaluation ofKs . After accounting for the diamagnetic con
tribution, Ks5Kab2Kdia is plotted againstH in the inset of
Fig. 3. We find thatKs increases by 0.03%60.01% on going
from 8 to 23.2 T.

It is hard to explain in the framework of theories for co
ventional superconductors the present experimental find
which appears to be compatible with the specific-h
measurements.17 Since the vortex core volume fractio
;H/Hc2(H'c)<0.05 is very small, whereHc2(H'c) is
estimated to be 490 T fromj, quasiparticles in the cores onl
cannot generate a detectable shift in the full NMR spectru
Also, the NMR line broadening due to field inhomogene
in the presence of vortices is given by 1/A2@f0 /(2p)3/2l2#
for BCS superconductors.29 The line broadening due to suc
field inhomogeneity is estimated to be 53 Oe forHic axis
and 8 Oe forH'c axis, which is not sufficient to account fo
the much larger linewidth observed here.

Alternatively, anH-induced gapless state due tod-wave
vortex, which has been proposed theoetically,10–15 may ex-
plain the experimental finding. Ind-wave superconductors
there are gapless regions~nodes! in particular directions in
momentum space. Fordx22y2 gap symmetry, the nodes ar
along lines tilted 45° from the Cu-O bonds in the CuO2
plane. This condition leads to a divergentj along the nodes
which implies that the quasiparticles are not localized in
core,11,13 in contrast tos-wave superconductors.19 In fact,
recent theories have indicated that the quasiparticle state
extended outside the core and that they have a continu
excitation spectrum without a gap.10–15Volovik10 found that

FIG. 3. Knight shift of planar63Cu at 8 and 23.2 T with field
perpendicular to thec axis. The reduction ofTc by H523.2 T for
this field alignment is estimated to be 2.5 K. The inset shows
field dependence ofKab2Kdia at T54.2 K.
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the DOS associated with an isolated vortex is proportiona
AH. At high fields, these gapless regions extend along
four nodal directions from a vortex core and overlap ea
other, forming spatially-connected stripes of gaple
regions.13,15 Ichioka et al.,15 found that in high density of
vortices the DOS still increases with increasing field up
Hc2, but varies asNs(0)/N05(H/Hc2)0.41, whereN0 is the
normal-state DOS. In this situation, the NMR spectrum is
superposition of parts from the regions which are less
little affected by the presence of vortices and those from
regions around vortex cores where the local DOS is larg
The measured shift is a weighted average of various sh
That theH-induced increase ofKs at low T is quite small is
becauseHc2(H'c) is large. In fact, preliminary measure
ments on an overdoped material which has a smallerHc2,
revealed a more significant change ofKs . The spatially in-
homogeneous Knight shift may also explain the larger bro
ening of the NMR line belowTc .

If this is the case, the appearance ofH-induced residual
DOS in the SC state should also be probed by theT1 mea-
surements. We plot 1/T1 as a function ofT in Fig. 4 in
logarithmic scales. We remark that there was a short com
nent ofT1 at low T whose fraction was only a few percent o
the total; its origin is unclear. The values of 1/T1 in Figs. 2
and 4 are those obtained from the fitting of the theoreti
equation to the predominant magnetization. There, it is s
that 1/T1T is substantially enhanced byH below Tc(H50)
574 K. The most prominent feature is that whenH is large,
1/T1T becomes independent ofT below 15 K. It should be
emphasized that this conclusion does not depend on the
gin of the all short-T1 component, since if one plots th
magnetization as a function ofT3t one finds that the data

e
FIG. 4. 1/T1 of 63Cu vsT at variousHic axis. The symbols are

the same as those in Fig. 2. The open and filled arrows indicatTc

at 0 and 23.2 T, respectively. The solid line indicates the 1/T1}T
relation. The upper inset shows 1/T1T normalized by its value at
Tc(H) vs reduced temperatureT/Tc(H) for 63Cu and 17O at H
511 T. The lower inset shows 1/T1 vs H at T54.2 K. The line is
a linear fit that omits the zero-field datum, which might be affec
by extrinsic relaxations due to, e.g., magnetic impurities.
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for all T<15 K fall on a single curve. The magnetization
T3t plot for H511 T can be found in Fig. 4 of Ref. 30 an
qualitatively the same plot was obtained at higher fields. T
1/T1T5const behavior was also observed for the17O
nuclei.30 In the upper inset of Fig. 4, we plot 1/T1T normal-
ized by its value atTc(H511 T) against the reduced tem
perature,T/Tc(H511 T). We see that the data for bo
63Cu and17O fall on the same curve belowTc . Since 1/T1 in
thed-wave SC state can be described in terms of the DOS
1/T1T}*Ns

2(E) f (E)@12 f (E)#dE, wheref (E) is the Fermi
function, this result is strong evidence that 1/T1 of both the
63Cu and 17O nuclei probes the same DOS. Note th
1/T1T}Ns(0)2 at low T. Moreover, the magnitude of 1/T1
below 15 K increases linearly with increasingH. The lower
inset of Fig. 4 shows theH dependence of 1/T1 at 4.2 K. A
spin diffusion to the quasiparticle state with continuous
cited spectrum within the core which we sugges
previously30,33 might be able to explain theT1 result, but
cannot explain the Knight-shift result. The identicalT depen-
dence ofT1 for both 63Cu and17O belowTc also appears to
argue against the scenario of spin diffusion to the core, s
the nuclear spin-spin relaxation timeT2 for these two nuclei
is largely different~by a factor of;10).

Thus, the experimental findings appear to be consis
with field-induced gapless regions due tod-wave symmetry
of the superconductivity. Sincej saturates at temperature
far below Tc , the 1/T1T and Ks becomeT independent at
T<15 K. It is, however, difficult to extract an accura
amount of the intrinsicH-induced DOS at present. Mor
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-
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work needs to be done to quantitatively account for the
perimental results.

In summary, we have investigated the responses to h
magnetic field of the normal-state pseudogap and the su
conductivity in the underdoped high-Tc superconductor
YBa2Cu4O8 (Tc574 K) based on the NMR measuremen
We have found that a field of 23.2 T, which reducesTc by
26% has no effect on the pseudogap, suggesting that it h
distinct origin from that of the superconductivity. At low
temperatures we found that the Knight shift increases w
increasingH, being consistent with a field-induced DOS
the Fermi surface. TheH and T variations of 1/T1 as 1/T1
}TH are also consistent with the emergence ofH-induced
DOS.

Note added in proof.After submitting this manuscript
two papers@K. Gorny et al., Phys. Rev. Lett.82, 177 ~1999!
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lattice relaxation under magnetic fields in the normal state
the optimally doped YBa2Cu3O7, inconsistent with each
other though, have appeared.
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