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Pseudogap in YBa2Cu3O7Àd from NMR in high magnetic fields
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We report on17O(2,3) and63Cu(2) spin-lattice relaxation rates and the17O(2,3) spin-spin relaxation rate in
different magnetic fields in YBa2Cu3O7 nearTc . Together these measurements enable us to test the magnetic-
field dependence of the pseudogap effect on the spin susceptibility in different regions of the Brillouin zone
using the known form factors for different nuclei as filters. Thus, we study the momentum dispersion of the
pseudogap behavior. We find that near the antiferromagnetic wave vector the pseudogap is insensitive to
magnetic fields up to 15 T. In the remaining region, away from the (p,p) point, the pseudogap shows a
magnetic-field dependence at fields less than 10 T. The first result is indicative of the opening of a spin
pseudogap that suppresses antiferromagnetic correlations below a temperatureT* ; whereas, the second result
shows the effect of pairing fluctuations on the spin susceptibility as a precursory effect of superconductivity.

DOI: 10.1103/PhysRevB.66.014511 PACS number~s!: 74.25.Nf, 74.40.1k, 74.72.Bk
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I. INTRODUCTION

The nature of the onset of superconductivity in hig
temperature superconductors~HTS! is of considerable inter-
est since it reflects a complex interplay between magne
and superconductivity that is not yet understood. Exp
ments show1 that below a temperatureT* , higher thanTc , a
gaplike structure appears in the electronic excitation sp
trum. However, at present there is no consensus on eithe
origin of the pseudogap nor its relationship
superconductivity.2–5,7 Photoemission and surface-tunnelin
studies suggest that the pseudogap aboveTc evolves
smoothly into the superconducting gap belowTc ~Refs. 2
and 4! implying that the pseudogap originates from the pa
ing fluctuations as a precursory mechanism to supercon
tivity. In particular, angle-resolved photoemission studie2,6

provide evidence for a highly anisotropic pseudogap, forTc
,T,T* , which is similar in magnitude and angular depe
dence to thed-wave superconducting gap belowTc . In con-
trast, intrinsic tunneling studies,3,8 which show that a distinc
superconducting gap coexists with the pseudogap belowTc ,
argue against a superconducting pairing origin of
pseudogap. A crucial test for the latter is provided by inv
tigating its sensitivity to magnetic field. This idea led to
series of nuclear magnetic resonance~NMR! spin-lattice re-
laxation rate measurements on the copper nucleus in
magnetic fields.5,7,9,10 Recent neutron-scattering11 and tun-
neling experiments3,8,12have also investigated magnetic-fie
effects in the normal state of HTS. A neutron-scatter
experiment11 up to 6.8 T suggests that the pseudogap is
pairing origin, while interlayer tunneling measurements12 up
to 60 T reveal that spin degrees of freedom play a predo
nant role in the formation of the pseudogap. NMR can
particularly useful for investigating the sensitivity of th
pseudogap to magnetic field, but it is especially import
since NMR can probe theq ~momentum-transfer wave vec
tor! dependence of the pseudogap in the spin excitation s
trum by taking advantage of knownq dependent form factors
0163-1829/2002/66~1!/014511~7!/$20.00 66 0145
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that are different for various relaxation experiments invo
ing different nuclei, specifically copper and oxygen.

In this work, we report a complete set of NMR relaxatio
measurements:17O(2,3) spin-lattice relaxation rate17T1

21;
63Cu(2), 63T1

21; and the17O(2,3) spin-spin relaxation rate
17T2

21, as a function of magnetic field nearTc , up to 23 T.
These measurements reveal a field dependence of the
namic spin susceptibility,x(q,v→0)5x81 ix9, that varies
with q. This indicates coexistence of pairing superconduct
fluctuations and a spin pseudogap. Gornyet al.7 pointed out
that x9(q,0) nearq5(p,p) shows no major field depen
dence on the scale of 10 T based on63Cu NMR experiments.
At this position in the Brillouin zonex is strongly enhanced
by antiferromagnetic~AF! spin fluctuations, and so this re
sult suggests that the temperature dependence of63T1

21 is not
a manifestation of precursory superconductivity but is co
trolled by a much higher field scale possibly associated w
a suppression of low-energy spin fluctuations. From our17O
NMR relaxation measurements we find thatx9(q,0), away
from the (p,p) point, is magnetic field dependent on th
scale of 10 T. This field dependence can be explained
terms of superconducting fluctuations, or a pairi
pseudogap that appears;20 K aboveTc . We describe the
experiment in Sec. II. In Sec. III, we discuss how NMR c
be used to probe theq-dependent susceptibility. Results an
discussion are presented in Secs. IV–VIII.13,14

II. EXPERIMENT

We have investigated a sample used in our previ
work5,15 on spin relaxation and Knight shift. It is a nea
optimally doped;30240% 17O-enriched, YBa2Cu3O72d
~YBCO!, aligned powder sample, provided courtesy of P.
Hammel at Los Alamos National Laboratory. The crystaĉ
axis was aligned with the direction of the applied magne
field, thez axis. Low-field magnetization data show a sha
transition atTc(0)592.5 K. This sample has a relativel
©2002 The American Physical Society11-1
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narrow nuclear quadrapole resonance~NQR! linewidth of
'290 kHz and its NQR frequency is63nzz531.5 MHz. In
Fig. 1, we show the first high-frequency satellite of the65Cu
spectra at 8 T and 95 K. We have checked that the width
this spectrum is the same as the NQR linewidth. Our m
surements were made at temperatures from 70 to 160 K
over a wide range of magnetic fields, from 1.1 T to 22.9
17O(2,3) NMR spin-spin relaxation was measured using
Hahn echo sequence:p/2-t-p-acquire.

The spin-lattice relaxation rate was measured using
following sequence:p/2-t1-p/2-t-p-acquire. 17T1

21 was
measured on the first high-frequency satellite, i
^2 3

2 ↔2 1
2 & Zeeman transition, of the O~2,3!. To exclude the

possibility of some field-dependent background contribut
to the rate, we have comparedT1

21 values measured on tha

satellite to the rate measured at the^ 3
2 ↔ 1

2 & transition. All
63T1

21 measurements were made on satellites,^6 3
2 ↔6 1

2 &.
At low field, 1.1 and 2.4 T, the rate was measured on
high-frequency satellite of63Cu, which is the highest fre
quency Cu signal at that field, meaning that the hig
frequency side of this transition is background free, follo
ing the approach suggested by Gornyet al.7 Very good
signal-to-noise ratio was obtained even at such low fie
owing to the population difference enhancement by a str
quadrupolar interaction. At 8 T,T1 was measured on th
high-frequency satellite of65Cu, the highest frequency C
signal at that field, whose spectrum is shown in Fig. 1. T
rate of 63Cu is then inferred from65T1 knowing that their
ratios scale as the square of their gyromagnetic ratiosg,
namely, 63T1565T1(63g/65g)250.871365T1. At 14.7 T, T1
was measured on the low-frequency satellite of63Cu whose
low-frequency side is background free. The rates were

FIG. 1. The first high-frequency satellite, i.e.,^2
3
2 ↔2

1
2 & tran-

sition, spectrum of65Cu at 8 T and 95 K. The signal is essential
background free on the high-frequency side.
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tracted by fitting to the appropriate recovery profiles, assu
ing a magnetic relaxation mechanism.

III. NMR TOOLS

In this section, we give a brief overview of how NMR i
used to probe theq-dependent susceptibility. The spin-lattic
relaxation rate is the rate at which the nuclear magnetiza
relaxes to its thermal equilibrium value in the external ma
netic field. It can be conveniently expressed in terms of
generalized spin susceptibilityx(q,v) as,

1

~T1T!a
} lim

vn→0
(

q,a8Þa
F uFa8a8~q!u2

xaa9 ~q,vn!

vn
G , ~1!

wherea is the direction ofH0 ; Fa8a8(q), referred to as a
form factor, is the Fourier transform of the hyperfine co
pling between nuclei and electrons; andxa8a8

9 (q,v) is the
imaginary part of the dynamic spin susceptibility for th
wave vectorq and nuclear Larmor frequencyvn with the
directiona8 perpendicular toa.

The q dependence of relevant form factors in this wor
and the imaginary part of susceptibility dominated by A
spin fluctuations, are shown in Fig. 7 in the Appendix. W
see from Eq.~1! that it is these form factors which enable u
to probex(q,vn) in different regions of the Brillouin zone
through the measurement ofT1. For 63Cu(2) spin-lattice re-
laxation, the appropriate form factor has significant weig
near q5(p,p), the AF wave vector. Since the imagina
part of the susceptibility is peaked at this wave vector
copper relaxation is dominated by AF spin fluctuations.
contrast for planar oxygen,17O(2,3), the spin-lattice relax
ation in the normal state is mostly insensitive to AF fluctu
tions owing to its vanishingly small form factor atq
5(p,p).

The nuclei also interact indirectly via conductio
electrons16 depending on the real part of their magnetic su
ceptibility. These indirect processes dominate the Cu sp
spin relaxation,17 and are reduced for oxygen. However,
important part ofT2G of 17O(2,3) still arises from Cu-O
indirect coupling and can be written as

S 1
63217T2G

D
ind

2

}(
q

@ 17Fa8~q!• 63Fa8~q!•x8~q,0!#2,

~2!

where 17Fa8(q) and 63Fa8(q) are form factors of O and Cu
respectively, fora85c for the caseĉuuẑ. Unlike the case of
63(T2G) ind that arises from Cu-Cu indirect coupling an
probesx8(q,0) near (p,p), 63217(T2G) ind arises from Cu-O
coupling and probesx8(q,0) in the intermediate region o
the Brillouin zone between (p,p) and (0,0). This relaxation
experiment is complementary to the measurements of s
lattice relaxation. Finally, the Knight shift probes the re
part of static spin susceptibility atq50, x8(0,0) which we
have reported earlier15 using a wide range of magnetic field

To summarize, in order to characterize the dynamic s
susceptibility at differentq, we have measured the followin
quantities:17T1

21}x9/v for q near (0,0);63T1
21}x9/v for q
1-2
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PSEUDOGAP IN YBa2Cu3O72d FROM NMR IN . . . PHYSICAL REVIEW B 66, 014511 ~2002!
near (p,p); 63217(T2G) ind
21}x8 for q between (0,0) and

(p,p). Using these tools, we investigate the response
x(q,0) to a magnetic field nearTc to determine which pro-
cesses affectx.

IV. 17T1 RESULTS

As previously pointed out17(T1)21 probes the imaginary
part of the electronic spin susceptibility,x9(q,0), close toq
5(0,0). In Fig. 2, we show the17O spin-lattice relaxation
rate as a function of temperature in different magnetic fie
We find that the rate increases with increasing magnetic fi
on the scale of 10 T, forT,110 K. At 95 K 17(T1T)21

differs by ;7% between 3.2 and 8 T. The departure
17(T1T)21 from the Korringa-like behavior, (T1T)21

5constant, shifts towards lower temperatures as the field
creases and the rate drops sharply in the supercondu
state, consistent with reduction ofTc by the field.15 Thus, we
can conclude that the pseudogap we observe here is tie
least in part, to superconductivity. A simple shift inTc is not
enough to account for this field dependence aboveTc be-
cause the curvature of the data changes with field.
Knight-shift data15 indicate aTc shift of ;2 K from 3.2 to 8
T. However, 17(T1T)21 has a value of 0.367 (Ks)21 at 3.2
T at 95 K and at 8 T the same value at 86 K. This shift o
K exceeds by far the shift ofTc with field. We can accoun
for this behavior byd-wave density-of-states~DOS! pairing
fluctuations following previously reported analysis.5,15,28

As the magnetic field increases it suppresses the neg
DOS pairing fluctuation contribution to the rate causing
overall rate at a fixed temperature to increase with increa

FIG. 2. Spin-lattice relaxation rate of17O(2,3) in YBCO as a
function of temperature in the magnetic fields of 3.15, 8, 13.7,
22.92 T. A typical value of the error bars at all applied fields is
shown at high temperatures,T;140–160 K, at 3.15 T.
01451
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field28 as observed in Fig. 2. However, we observe that
field dependence of the rate saturates around 10 T and th
‘‘high’’ field, H>10 T, it has well-defined field-independen
curvature nearTc . The saturation of the field dependence
this low-field scale is not predicted by the calculations
superconducting fluctuation contributions to the NMR rate28

Thus, our observations indicate that DOS pairing fluctuatio
may not be the only process affecting17(T1T)21. In Sec.
VII, we try to model the influence of a spin pseudogap
63(T1T)21 and, with the same parameters, estimate its ef
on 17(T1T)21.

V. 63T1 RESULTS

In Fig. 3, we show63T1. We observe no discernible fiel
dependence in the normal state within experimental accu
of 62%. This result is consistent with that reported
Gorny et al.7 Above ;100 K, (T1T)21 can be fitted to a
Curie-Weiss-like relation, (T1T)21}Tx /(T1Tx), where we
obtain Tx5103 K based on our 8 T data. This relation f
(T1T)21 is to be expected if it is dominated by AF sp
fluctuations.18 The peak in 63(T1T)21 is observed atT*
;100 K. Reduction of63(T1T)21 belowT* has been asso
ciated with the loss of low-energy spectral weight19 of the
spin fluctuations, which is caused by the opening of
pseudogap. It is interesting to note that in spite of the f
that Tc decreases with increasing field,63(T1T)21 falls off
independent of the magnetic field, indicating that down
;80 K the zero-frequency limit ofx9(q,v)/v for q
5(p,p) is not sensitive to superconductivity. This resu
implies that the suppression of63(T1T)21, and consequently

d
s

FIG. 3. Spin-lattice relaxation rate of63Cu(2) in YBCO as a
function of temperature in the magnetic fields of 1.1, 2.4, 8, a
14.7 T. A typical value of the error bars at all applied fields is
shown at high temperatures at 2.4 T.
1-3
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V. F. MITROVIĆ et al. PHYSICAL REVIEW B 66, 014511 ~2002!
the zero-frequency limit ofx9(q,v)/v for q5(p,p), is
most likely due to the opening of a spin pseudogap, i.e.,
loss of low-energy spin fluctuations.

Next we discuss the field dependence of the real par
the spin susceptibility, i.e.,17O spin-echo decay arising from
the indirect Cu-O coupling.

VI. Cu-O INDIRECT COUPLING

The main source of spin-echo decay of17O is the copper
spin-lattice relaxation, as proposed by Walstedt a
Cheong20 and demonstrated by Recchiaet al.21 The
z-component fluctuating fields from copper nuclear-spin fl
are transferred to the oxygen nuclei by Cu-O nuclear dipo
interactions. An additional important contribution to the17O
spin-echo decay is an indirect Cu-O nuclear coupling,
noted byk, mediated by the conduction electrons,20,21 see
Eq. ~2!.

Mitrović et al.5 extracted63T1 from a fit of the 17T2 data
nearTc choosingk to match the high-temperature results f
63T1 well aboveTc . This procedure is incorrect, since th
wrong field dependence of63T1 is inferred as compared with
direct measurements presented in Sec. V. We suspect tha
parameterk, that describes Cu-O indirect coupling, is
temperature- and field-dependent quantity, contrary to the
sumption made in the work of Recchiaet al.21 and Mitrović
et al.5

We now examine in more detail the relaxation describ
by the parameterk. We can extract the part of the spin-sp
relaxation due to Cu-Oindirect coupling from our17T2 data
by dividing our measured signalM by that calculated for
direct dipolar coupling. We take into account relaxation fro
the direct dipolar interaction between copper and oxyg
spin flips using our direct measurements of63T1

21. We then
fit the residual decay to a Gaussian function of time a
show the resulting relaxation times in Fig. 4 vs temperat
for magnetic fields from 2.1 to 22.8 T. The63217(T2G) ind

21

data is extracted with a typical accuracy of65%.22,23

In the high-temperature region,T.100 K, we observe
that the rate decreases with decreasing temperature
shows no discernible field dependence. For lower temp
tures there is a small well-defined field dependence for
63217(T2G) ind

21 data as reported earlier by Mitrovic´ et al.5 In
Fig. 4, this is evident in the normal state for temperatu
Tc(H),T,100 K whereTc(H) is denoted by the intercep
between the data and the dashed line shown in the fig
The relatively low-field scale for this dependence, in contr
to 63(T1T)21 in Fig. 3, suggests a connection to superco
ductivity, most likely from pairing fluctuations. BelowTc ,
the rate shifts to lower temperatures as the field increa
consistent with reduction ofTc by the field, indicating that
this lower temperature behavior is also connected to su
conductivity. For example, at the applied field of 3.2 T and
the temperatureT50.9Tc(H) the rate drops by;20% from
its value atTc(H). For higher applied fields the decrease
smaller.

Superconductivity can affectT2 in two ways: through vor-
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tex vibrations, whose precise contribution to the rate is
known; and, through the suppression ofx8 due to pair for-
mation. Vortex vibrations might be responsible for the obs
vations belowTc(H). We have performed a random-pha
approximation~RPA! calculation26 of the temperature and
field dependence of bothx8 and 63217(T2G) ind

21 due to pair
formation, similar to Bulut and Scalapino,24 and found that
the calculated temperature dependence is too small to
count for our observations nearTc .25

It is possible that the relaxation described byk, does not
arise only from Cu-O indirect coupling but comes rath
from an additional relaxation mechanism that is highly se
sitive to superconductivity and associated only with oxyg
A possible candidate for this extra relaxation componen
the low frequency mostly oxygen charge fluctuations d
cussed by Suteret al.27 They showed in YBa2Cu4O8 that
there is a significant contribution from quadrupolar fluctu
tions, i.e., low-frequency charge fluctuations, to17T1 in ad-
dition to the dominant contribution from magnetic fluctu
tions that onsets atT'200 K.

Regardless of the precise origin of the relaxation mec
nism described byk, we see that it depends on temperatu
and magnetic field, in contrast with previous assumption21

VII. PSEUDOGAP MODEL

In the following, we try to model the influence of a sp
pseudogap on63(T1T)21 and, with the same parameters, e
timate the effect on17(T1T)21.

FIG. 4. Spin-spin relaxation rate of17O(2,3) after dividing out
the part of the relaxation coming from the direct Cu-O dipolar
teraction as described in the text. The data at temperatures h
than indicated by the dashed line are aboveTc(H) ~Ref. 15! and in
the normal state. The solid line is the calculated spin-spin relaxa
from Cu-O indirect coupling using the same susceptibility para
eters as we used to calculate17(T1T)21 and 63(T1T)21 for T
.120 K ~Ref. 26!.
1-4
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PSEUDOGAP IN YBa2Cu3O72d FROM NMR IN . . . PHYSICAL REVIEW B 66, 014511 ~2002!
We take the Millis, Monien, and Pines~MMP! ~Ref. 18!
phenomenological expression for the dynamical suscept
ity, altered so as to include the incommensurations in
susceptibility peaks atQi5(p6d,p6d) AF wave vectors,29

x~q,v!5xAF1xFL5
1

4 (
j

aj2mB
2

11j2~q2Qj !
22 iv/vSF

1
x0

12 ipv/G
, ~3!

wherej is the spin-fluctuation correlation length in units
the lattice constanta, a is a scaling factor,vSF the frequency
of spin fluctuations, andx0 and G are terms added to de
scribe the Fermi-liquid~FL! background for AF fluctuations
The rate divided by the temperatures, forHuuĉ is then evalu-
ated by summing the product of the form factor and ima
nary part ofx(q,v) divided by frequency in the limit ofv
→0 over allq,

1

T1T
5

kB

2mB
2\2 (q

Fc~q!F1

4 (
j

aj~T!2mB
2/vSF

@11j~T!2~q2Qj !
2#2

1
x0p

G G . ~4!

We take Shastry-Mila-Rice30 form factors given in Eq.~A1!.
In addition,vSF is assumed to be proportional toj(T)22 and
that j(T)5j0@Tx /(Tx1T)#1/2. Temperature dependence
j(T), vSF and other parameters were determined so
both calculated63(T1T)21 and 17(T1T)21 coincide with our
data. Assuming thatQAF5(p60.1,p60.1), we find the fol-
lowing values for the parameters used to calcul
(T1T)21 s: j(T)53.07@114 K/(114 K1T)#1/2, vSF
56.09j(T)22 meV, a514.8 (eV)21, and for the Fermi-
liquid part,x0p/mB

2\G58.885 eV22.31

We obtain values of (T1T)21, for both 17O and 63Cu,
shown as the solid curve~extending to dashed below 120 K!
in Fig. 5. We notice that17(T1T)21 increases slightly with
decreasing temperature similar to63(T1T)21 due to the in-
creasing correlation length for spin fluctuations, indicati
that 17O is not completely shielded from the AF spin flu
tuations by its form factor as shown in the Appendix.

We then model the opening of the pseudogap by assum
that it only affectsvSF . We take the following phenomeno
logical form for vSF :

vSF
21}

$tanh@~T2Tp!/c1#%

@j0
22j~T!2#

, ~5!

where c1514.5 K and Tp570 K are parameters chose
with the sole purpose to allow a fit to the measur
63(T1T)21, giving the solid curve in Fig. 5~b! below T
'100 K. Using exactly the same pseudogap parametr
tion, we calculate17(T1T)21 giving the corresponding solid
curve in Fig. 5~a!. We clearly see that the suppression
63(T1T)21 due to the opening of the spin pseudogap,
modeled here, will also cause a small suppression
01451
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17(T1T)21 that reproduces the observed curvature of
high-field 17(T1T)21 data nearTc . From our simplistic
model, we have shown phemonenologically that17(T1T)21

is affected by the opening of a spin pseudogap and that
this process that dominates the oxygen spin-lattice relaxa
rate at fields above 10 T nearTc , adding to the effects of
superconducting pair fluctuations that give field depende
at low field.

We point out that it is possible that pairing fluctuatio
might also affectx9(q,0) nearq5(p,p).28 However, it is
not observed. The observed pairing fluctuation contribut
to 17(T1T)21 from the Fermi-liquid susceptibility nearTc at
small wave vectorsq would change63(T1T)21 by less then
a percent, making it impossible to discern in our experime

VIII. FIELD DEPENDENCE OF NMR RATES

We summarize our relaxation experiments by showing
relative effect of magnetic field onx(q,0). This can be con-
veniently represented byR(H) defined as R(H)
5@(T1,2) tot

212(T1,2)n
21#/(T1,2)n

21 , where the normal-state
rate, (T1,2)n

21 , is a fit to the field-independent high
temperature behavior (T.120 K) of the appropriate rate, 1
or 2. The results atT595 K are given in Fig. 6. The two
upper graphs indicate that both real and imaginary parts
the spin susceptibility away fromq5(p,p) have magnetic-
field dependence aboveTc on the scale of 10 T. The field
dependence ofx9 is likely caused by superconducting pa
fluctuations; specifically, there is a field-induced suppress
of the negative contribution to the rate from the density
states fluctuations.28

FIG. 5. ~a! Spin-lattice relaxation rate of17O(2,3) at 3.15 T
~open diamonds! and 8 T~open circles!; and ~b! Spin-lattice relax-
ation rate of63Cu(2) at 8 T~open squares! as a function of tem-
perature. Solid and dashed lines are calculated as explained i
text.
1-5
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The dashed line in Fig. 6 shows the fit to the theoreti
calculation for the field dependence of the fluctuation corr
tions ford-wave pairing assuming that the17T1

21 data are not
influenced by a spin pseudogap. The temperature scale
this calculation is set by the zero-field transition temperatu
The curvature of the field dependence is dictated by
mean-field transition temperature in a field, determined
the divergence of the pair fluctuations and obtained from
fit to the spin susceptibility.15 There is only one fitting pa-
rameter for the overall scale of the fluctuation contributio
to (T1T)21. The fit is not perfect; however, the order
magnitude of the calculated field dependence, below 15
agrees quantitatively with the experimental data atT
595 K and provides evidence for the existence ofd-wave
pairing fluctuations.

IX. SUMMARY

Our measurements show that nearTc the electronic spin
susceptibility responds to a magnetic field differently in d
ferent parts of the Brillouin zone. This result implies that t
spin susceptibility is affected by different physical process
Nearq5(p,p) antiferromagnetic spin fluctuations domina
the spin susceptibility, which is insensitive to supercondu
ing fluctuations. In the region away fromq5(p,p) the in-
fluence of superconducting fluctuations on the susceptib
is evident. This is consistent with a Fermi-liquid-like beha
ior in which the susceptibility is suppressed by superc

FIG. 6. Field dependence of the relaxationR(H)5@(T1,2) tot
21

2(T1,2)n
21#/(T1,2)n

21 , at 95 K. The normal-state rate, (T2)n
21 , of

63217(T2G) ind
21 was defined as (T2)n

2151.127 (ms)21

1T0.001 76 (K ms)21; for 17(T1)21 we take (T1)n
215const

50.395 s21; and, for 63(T1)21 we take (T1)n
21

515.08 s21@104 K/(104 K1T)#. The dashed line is ad-wave
calculation of the fluctuation contribution to the rate~Refs. 5 and
28!. The solid curves are guides to the eye.
01451
l
-

for
e.
e
y
r

s

T,

s.

t-

y
-
-

ducting fluctuations forq less than the inverse of the supe
conducting coherence length. The magnetic-field behavio
x(q,0) indicates the coexistence of two pseudogaps of
ferent origins. One pseudogap dominatingx(q,0) near q
5(p,p) is insensitive to magnetic fields in our experimen
range >15 T. This insensitivity indicates that thi
pseudogap is not intimately tied to superconductivity a
that its possible origin is the opening of the spin pseudog
i.e., loss of the low-frequency spin fluctuations. The seco
pseudogap, evident inx(q,0) away fromq;(p,p) has a
low-field scale of,10 T and likely originates from super
conducting fluctuations as a precursory effect of superc
ductivity. The latter can be expected since the appropr
field scale in this case is determined28 by the thermodynamic
critical field, '5 T.

Finally, we emphasize that in the high-field limit, the tem
perature dependence of all the rates we have measu
changes markedly aboveTc , around;100–110 K, indicat-
ing sensitivity to opening of the spin pseudogap.
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APPENDIX: FORM FACTORS

The form factors, relevant for this work, ar
Shastry-Mila-Rice30 form factors given by

63Fc5@Aab12B~cosqxa1cosqya!#2,

63Fe f f5@Ac12B~cosqxa1cosqya!#2,
ria
s,

e-

.
e

ar

.
ns

el
la

s.

P

P.
o

.

.

v,

01451
e 17Fab52C2@cos~qxa/2!21cos~qya/2!2# ,

17263Fc563Fe f f
17 Fab, ~A1!

where Aab50.84B, Ac524B, C50.91B, and B53.82
31027 eV. Their q dependence is shown in Fig. 7 alon
with the imaginary part of the susceptibility that is dom
nated by AF spin fluctuations.
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