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Antiferromagnetism in the vortex cores of YBa2Cu3O7Àd
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We report spatially resolved nuclear-magnetic-resonance measurements on a high-temperature supercon-
ductor that indicate the presence of correlated antiferromagnetic fluctuations in the vortex core. The nuclear-
spin-lattice relaxation rate 1/17T1 of planar 17O, in near-optimally doped YB2Cu3O72d , was measured. Out-
side of the core, (17T1T)21 is independent of temperature consistent with theoretical predictions for ad-wave
superconductor. In the vortex core, (17T1T)21 increases with decreasing temperature following an antiferro-
magnetic Curie-Weiss law.
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High-temperature superconductors are commonly view
as doped Mott insulators for which the parent compound
antiferromagnetic. For these materials competition betw
magnetism and superconductivity is unambiguously evid
in the phase diagram. Varying the composition by increas
the oxygen content increases the electronic carrier den
suppressing the Ne´el phase and producing superconductivi
Even for those compositions that exhibit superconductiv
the presence of antiferromagnetic~AF! fluctuations is appar-
ent in the normal state from inelastic neutron scattering1 and
copper nuclear-magnetic-resonance~NMR! relaxation.2–4

Experiments have shown that antiferromagnetic fluctuati
coexist with superconductivity even in optimally doped m
terials ~highestTc).

1 There have been predictions that ma
netism can appear, possibly in a novel, spatially inhomo
neous form, coexisting with vortices.7–12 Using spatially
resolved, high-field, NMR experiments, we have found e
dence for antiferromagnetism in the vortex cores
YB2Cu3O72d ~YBCO!, lending support for these ideas.

In the mixed state, magnetic flux penetrates the sampl
the form of quantized vortices, each with a core of radius t
is the size of the superconducting coherence lengthjo
516 Å. According to theoretical models antiferromagnetis
can appear in the vortex core, a region where supercon
tivity is suppressed. Zhang7,10 has developed a theory tha
integrates antiferromagnetism andd-wave superconductivity
based on SO~5! symmetry, predicting that the supercondu
ing vortex can have an antiferromagnetic core. Arovaset al.8

extended this work to consider the possible coexistence
superconducting vortices with antiferromagnetism as a fu
tion of doping. Demleret al.9 have looked in the far-field
region of the vortex finding that superconducting a
coupled superconducting spin-density wave~SDW! phases
can appear in the presence of vortices and that there
oscillations in charge density in good agreement with sc
ning tunneling microscopy experiment.13 Charge- and spin-
density wave structures near and inside the vortex have b
explored theoretically by Zhuet al. and Chen and Ting.14

They also find results consistent with experiment.13 It has
been shown by Herbut11 that thed-wave superconductor i
unstable to the formation of SDW owing to phase disord
0163-1829/2003/67~22!/220503~4!/$20.00 67 2205
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ing in the core of a vortex. These theories have a comm
feature; antiferromagnetism can be associated with vo
cores.

Using elastic neutron scattering, Vakninet al.15 found evi-
dence of static AF order in the mixed state of YBCO. Th
estimated that the upper limit of the average magnetic m
ment ism<0.004mB per flux line in a layer. Katanoet al.16

found enhanced static AF correlations in the vortex state
La22xSrxCuO4 (x50.12). Neutron inelastic-scattering ex
periments by Lake et al.6 on the optimally doped
La22xSrxCuO4 (x50.163) show that the imaginary part o
the magnetic susceptibilityx9 at low energy below the spin
gap1 and at an incommensurate AF wave vector, is stron
enhanced in a magnetic fieldH057.5 T at temperatures be
low T510 K. They interpreted their results as evidence t
the vortex cores are nearly ordered antiferromagnets that
larize the intervening medium. These measurements
close to NMR relaxation experiments since both are sensi
to the same component of the susceptibility. However, th
do not have spatial resolution. This is possible with scann
tunneling microscopy where Hoffmanet al.13 have found
checkerboard extended states that they associate with v
ces although the method is not specifically sensitive to m
netism. All of these experiments consistently indicate u
usual structure near the vortex core.

Following theoretical suggestions,17,18 NMR measure-
ments by Curroet al.,22 Mitrović et al.,5 and Kakuyanagi
et al.,19 as well asmSR line-shape measurements of Mill
et al.,20 show that it is possible to spatially resolve differe
regions of the vortex lattice by analyzing the internal fie
distribution of the corresponding resonance spectrum. H
ever, resolution of the vortex core region is best achieve
relatively high applied fields since the fraction of the spe
trum inside the core grows with increasing field. For a squ
vortex lattice, this fraction isH0pj0

2/f0, wheref0 is the
flux quantum. In a field of 42 T, vortices are;86 Å apart
and vortex cores occupy;17% of the total sample.

In the present work, we report on the temperature dep
dence of spatially resolved measurements of the nucl
spin-lattice relaxation rate 1/T1 in the mixed state. This re
©2003 The American Physical Society03-1
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laxation requires an electronic spin flip, and consequently
particularly sensitive to magnetic fluctuations. Previously,
demonstrated5 that we could resolve the NMR rate in th
vortex core at high magnetic field, above 13 T. Applying th
method, we have now measured the temperature depend
of (17T1T)21 and extended our range of field. We find th
(17T1T)21 is independent of temperature outside the vor
cores, while in the vortex core region (17T1T)21 is en-
hanced, increasing with decreasing temperature followin
Curie-Weiss~CW! law, reminiscent of the normal-state b
havior of the copper relaxation, (63T1T)21. We associate this
enhanced temperature dependence of (17T1T)21 in the vor-
tex core region with correlated antiferromagnetic spin flu
tuations such as are observed in the normal state.

Our sample is a near-optimally doped,;60%
17O-enriched YBa2Cu3O72d powder sample, aligned with
the crystalĉ axis parallel to the applied magnetic field. Low
field magnetization data show a sharp transition atTc(0)
592.5 K. Our measurements were made at temperat
from 3 to 25 K and magnetic fields from 6 to 42 T. We ha
independently determined from spin-spin and spin-lattice
laxation that the transition region in high fields near 30
occurs at 80 K in our samples. The (21/2–23/2) 17O(2,3)
quadrupolar-split NMR satellite was used exclusively sinc
exhibits a sharp high-field edge in the normal state t
broadens owing to the distribution of local fields fro
vortices.5 The internal field variable in Fig. 1, is defined b
Hint5v/17g2H0, where 17g is the gyromagnetic ratio fo
oxygen and the spectrometer frequencyv is set to resonance
at the peak of the spectrum,Hint50. This position corre-
sponds to oxygen nuclei at the saddle point of the field d
tribution, a spatial location half way between neighbori
vortices. IncreasingHint corresponds to spatial positions th
approach the vortex core. We obtained precise spectra u

FIG. 1. Spin-lattice relaxation rate of planar17O divided by
temperature as a function of internal magnetic field. The (21/2–
23/2) satellite spectrum shown is measured at 37 T, same as
T, and the shaded region corresponds to the fraction of the spec
occupied by vortex cores at 42 T.
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a field-sweep technique21 and we measured the relaxatio
rate using progressive saturation.23 There is some overlap
between the quadrupolar-split transitions. Their effect on
spectrum and on relaxation can be subtracted.5 In Fig. 2, we
report relaxation data forHint<0.032 T where the small cor
rection for the (23/2–25/2) transition is less than 5%
However, the subtracted spectrum in the region nearHint
50.04 T in Fig. 1, should be considered to be qualitative.
the present work, the main purpose of high applied field is
increase sensitivity to vortex cores since the correspond
portion of the NMR spectrum grows proportionately. This
shown for 42 T as the shaded region of the spectr
in Fig. 1.

The spin-lattice relaxation rate at 42 T, shown in Fig.
increases as a function of the internal field, i.e., on approa
ing the vortex cores. This is attributable5 to a Doppler shift
of the quasiparticle excitation energies, a consequence o
supercurrent momentum that increases toward the vo
core. Here, we will concentrate our discussion on the te
perature dependence of the rate. Outside of the core reg
we observed that (T1T)21 is independent of temperature an
at higher internal fields, in the vortex core, we observe a v
different behavior.

In order to contrast the temperature dependence in
and outside the vortex cores in Fig. 1, we show (T1T)21 in
Fig. 2 for just these two regions of the spectrum in fo
magnetic fields, 6, 13, 37, and 42 T. The rates outside
cores were determined by evaluating an average in a na
region of 60.002 T aroundHint50. Inside the cores, ou
data are averaged over an interval ofHint from the point
where (T1T)21 is greatest to a point that is 0.01 T less th
the peak position which occurs forHint<0.032. The clear
distinction between the temperature dependences of the
inside and outside the vortex cores holds forH0>13 T. If

42
um

FIG. 2. Planar17O spin-lattice relaxation extracted from th
saddle point~full symbols! and the vortex core regions of the spe
trum ~open symbols! versus temperature in 6, 13, 37, and 42
applied fields. The solid lines are fits to the data as explai
in the text.
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the applied field is too low then the sensitivity of our NM
to the vortex core region is decreased and the enhance
in the temperature dependence of (T1T)21 is not discernible,
or possibly does not exist, as might be the case for the
data in Fig. 2.

We first discuss (T1T)21 outside the vortex core regio
and give a very simple interpretation of our observatio
The rate can be viewed as an average of the product ove
possible initial and final quasiparticle density of states.5,18,24

At low temperature, the quasiparticle excitations outside
the vortex cores come exclusively from the four nodal
gions. Since the density of states depends linearly on en
near the nodes of ad-wave superconductor, the rate can
expressed as the product of the initial and final quasipart
excitation energies. The excitation energies are determ
by temperature and, in a magnetic field, by two other va
ables: applied field through the Zeeman effect and super
momentumps through the Doppler shift.5 The latter are tem-
perature independent and so, at sufficiently low tempe
tures,T,20 K the product of initial and final excitation en
ergies is nonzero at the Fermi energy and tempera
independent. It follows that (T1T)21 is temperature
independent17,5,24 as we observe. Furthermore, the increa
of the rate with applied field shown in Fig. 2, noted pre
ously by Mitrović et al.,5 is a consequence of node-to-no
quasiparticle scattering indicating the presence of AF fl
tuations.

Inside the core region, the temperature dependenc
(T1T)21 in Fig. 2 is quite different from outside the core
Here, we find that (T1T)21 increases with decreasing tem
perature. This temperature dependence resembles that o
relaxation at the planar copper site in the normal state, wh
is dominated by correlated AF fluctuations,2–4 and for which
the AF correlation length increases with decreasing temp
ture. Thus, we suggest that the temperature dependenc
(17T1T)21 in the vortex core is also dominated by correlat
AF fluctuations in a similar way. Furthermore, Moriya an
Ueda’s theory25 shows that the temperature dependence
the imaginary part of the dynamic spin susceptibility, a
thus (T1T)21, for two-dimensional~2D! antiferromagnetic
spin fluctuations of an itinerant electronic system follows
Curie-Weiss law. This behavior is central to the phenome
logical model of Milliset al.4 that successfully describes th
normal state where the key parameter is the AF correla
length. Consequently, we proceed with the following ana
sis of the temperature dependence of (T1T)21.

In the vortex core, we find that (T1T)21 consists of two
parts, a temperature-independent contributionR0 and a
temperature-dependent part, with the form of a Curie-We
law, xcore , giving (T1T)215R01xcore5R01C/(T
2uCW). In Fig. 3, we plot the inverse ofxcore as a function
of temperature where the lines in the figure are linear fi
The inverse of the slope of these lines and their zero t
perature intercept have a phenomenological interpretatio
a Curie constantC and Curie-Weiss temperatureuCW .
Within the accuracy of these fits the Curie-Weiss tempera
is negative lying in the range21 to 24 K for magnetic
fields from 13 to 42 T and the Curie constant isfield inde-
pendent; consequently, magnetic fields above 13 T do n
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affect the low-energy AF fluctuations. The dependence
antiferromagnetic fluctuations on doping of a 2D antiferr
magnetic has been shown theoretically to have a quan
critical point26 that is observed in normal-state measureme
(63T1)21 in LSCO.27 Similarily, the enhanced temperatur
dependence of (17T1T)21, moving toward the vortex core
can be interpreted as an approach to a quantum critical p
where the amplitude of the superconducting order param
plays the role of doping. It follows from the theory that
negativeuCW indicates a spin gap in the vortex core, while
positive value ofuCW would have suggested AF orderin
with gapless spin-wave excitations.

In contrast toxcore , the termR0 depends on the applie
magnetic field. A natural extension of the latter term to t
region outside the cores suggests that it describes relaxa
that depends on thermal quasiparticles through the Zee
and Doppler effects which are field dependent, but not te
perature dependent. We note that at our highest field, 42
appears thatR0 decreases, possibly from additional suppre
sion of the superconducting order parameter at high fie
reducing the Doppler term.

It might seem surprising that17T1 is sensitive to antifer-
romagnetic spin fluctuations at low temperatures in the
perconducting state since in the normal state a geome
form factor screens the oxygen nucleus from the
fluctuations.2,28 There are two reasons for this.24 At low tem-
peratures, the superconducting energy gap constrains
sible scattering processes to the nodal regions. This seve
limits the available phase space and then screening of o
gen by form factors is much less effective. Second, inco
mensurability of the susceptibility in the superconducti
state1 increases oxygen sensitivity to antiferromagnetic flu
tuations.

Our measurements show that the oxygen NMR relaxa
rate, in the form (17T1T)21, is enhanced in the vortex core
This indicates the existence in the core of correlated anti

FIG. 3. The inverse ofxcore versus temperature, defined in th
text. The solid lines are fits to the Curie-Weiss temperature dep
dence.
3-3
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romagnetic fluctuations near a quantum critical point w
a small spin gap. Outside the core the relaxation rate
proportional to the temperature at low temperatures,
can be attributed to the nodal quasiparticles of ad-wave
superconductor.
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