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Charged vortices in high-temperature superconductors probed by NMR
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We report experimental evidence that a vortex in high-temperature supercond#tt@®€) traps a finite
electric charge from the high-resolution measurements of the nuclear quadrupole frequencies. In slightly
overdoped YBgCu;O, the vortex is negatively charged by trapping electrons, while in underdoped
YBa,Cu,Og it is positively charged by expelling electrons. The sign of the trapped charge is opposite to the
sign predicted by the conventional BCS theory. Moreover, in both materials, the deviation of the magnitude of
charge from the theory is also significant. These unexpected features can be attributed to the electronic
structure of the vortex in HTSC.
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I. INTRODUCTION Il. VORTEX CHARGE

We first briefly introduce the vortex charge in type-Il su-
erconductors. In the core of the conventional superconduct-
rs, the distance between each discrete energy level of the

One of the most important physical properties of the vor-
tex created in type-ll superconductors is that a vortex lin

can support a magnetic flux with a flux quantuo g asiparticles in the Andes bound states is merely of the
=hc/2e (=2.07<10" 7 Oecnf)." This fact has been con- ,qer of a few mK. Thus it is sufficient to view the energy
firmed experimentally more than 4 decades ago. On the othgg, e15 a5 forming a continuous spectrum, just like in a nor-
hand, it is only very recent that another prominent feature, ., metallic staté:! Generally the chemical potential in
namely, the possibility that a vortex of the superconductote gnerconducting state differs from that in the normal

can acpurr&u_lgte a finite electric charge as well, has come i@, if an electron-hole asymmetry is present. Assuming
be realized.™ The vortex charge appears as a result of thenerefore that the vortex core is a normal metallic region

chemical potential difference between the vortex core and,,nded by the superconducting materials, this difference

the region away from the vortex core. It should be emphay,  is exnected to arise and should lead to the redistribution

sized that the sign and magnitude of this charge is closelytyhe electrons. In order to maintain the same electrochemi-
related to the microscopic electronic structure of the vortex,, potential on both sides, the charge transfer occurs be-

which in turn reflects the total fundamental nature of thetween the core and the outside.

superfluid electrons and the low-energy excitation of the In the framework of the BCS theory, taking into account

condensate. Moreover, it has also been pointed out recently, etallic screening effect, the charge accumulated within
that the vortex charge strongly affects the dynamical proper;

ties of the vorteX™19 For instance, the origin of the vortex 'i;se\r/]o;tsex coreQ; per layer, normal to the magnetic field is
Hall anomaly has been attributed to the vortex chargegJ
Though the clarification of the issue of the vortex charge

serves as an important test of the predictions for the vortex 2esz<)\TF)2(d In TC)

electronic structure and the dynamics, it has never been ex- Qe~ Y

Y
amined experimentally so far. This is mainly because in con- dinp
ventional superconductors the magnitude of the accumulated
charge within the core is very small and is extremely difficultwhere A ¢ is the Thomas-Fermi screening lengthis the
to observe. interlayer distancey is the chemical potential, are{>0) is

In this paper we report a straightforward attempt to identhe electron chargéThe sign of the core charge is deter-
tify the vortex charge in high-temperature superconductorgnined bydInTc/dIn u, which represents the electron-hole
(HTSO by high-resolution measurements of the nuclearasymmetry. Outside the core, the charges with opposite sign
quadrupole frequencyq, which is very sensitive to the lo- screen the core charge similar to a charged particle in a
cal charge density. We show that a vortex in HTSC indeednetal. Far outside the core, these screening charges decay
traps a small but finite electronic charge as well. In slightlygradually with a power-law dependence @s* [see Fig.
overdoped YBaCu;0; the vortex is negatively charged, 1(a].>° In strong fields Hq;<H<H,), each vortex over-
while in underdoped YB#Cu,Oq it is positively charged. laps with its neighborhood. Then the charge density outside
The sign of the trapped charge is opposite to the sign prethe core is nearly constant and periodic modulation of the
dicted by the conventional BCS theory. Moreover, in bothcharge density appears for the periodic-vortex latfiegy.
materials, the accumulated charge is much larger than ex(b)]. In ordinary superconductor$Q,| is estimated to be
pected in the ordinary superconductors. We discuss several10 °-10 %, using ke~1 A~ Nqp~kg'~1 A ¢
possible origins for these discrepancies. ~100 A, and|dInT./dIn u|~In(hwp/KsT)~1-10, where
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‘A(r)‘ local carrier density is strongly required. It has been pointed
out by many authors thaty in HTSC is very sensitive to the
local hole density>=2® In a solid, an electron distribution
with spherical asymmetry such as an unclosedsBell and
noncubic surrounding ions induce a local electric-field gra-

G—) dient (EFG) in the vicinity of the nuclei. This EFG lifts the
— N\ T »r degeneracy of the nuclear spin levels, interacting with the
g 28 nuclear quadrupole mome@i, . The relevant information is
p(r) obtained from the nuclear quadrupole resonafid¢@R) in

zero magnetic field and the nuclear magnetic resonance
(NMR) in a finite magnetic field. For th&Cu nuclei with
spin 1=3/2, the NQR resonance frequenay?F is ex-
pressed as

eZ 2 2
ngRzg—EqZZ\/l+ T\t g, @

where eq,, is the largest principle Z axis component of
EFG at the nuclear sit€y (= —0.211 barn for’3Cu) is the
quadrupole moment of copper nuctéiThe asymmetry pa-

FIG. 1. (a) Schematic figure of the charge distribution around afameter » of the EFG defined as= |(Axx—Qyy)/d.7 is
single vortex core when the electrons are trapped within the cor€lose to zero for the Cu site in the two-dimensional GuO
(negatively charged coyeA(r) is the superconducting energy gap. Planes[Cu(2) site].

p(r) is the charge density. The charge accumulated inside the core In a strong magnetic field, when the Zeeman energy is
is screened by the charges with opposite sjgm) decays gradu- much larger than the quadrupole energy, each Zeeman level
ally asr~* well outside the core regiorQ(r) is the total charge is shifted by the quadrupole interactions and thus, two satel-
within the distance. Q(r) goes to zero as— due to the require-  lite peaks ¢ 3/2«— + 1/2) appear on both sides of the central
ment of the overall charge neutralityo) The charge-density modu- (+1/2— ¥ 1/2) resonance peak. The frequency difference
lation in the strong magnetic fieldi(,<H<H.,) where each vor-  petween the upper and the lower satellites exactly coincides
tices overlaps. with 2vo when a magnetic field is applied parallel to the

largest principle axis of EFG, namely|/c axis in the

wp is the Debye frequency. Thy®,| is negligibly small  present experimental condition described below. Even for
and is very difficult to observe. the second-order or more higher-order quadrupole effect in

However, the situation in the case of HTSC seems to behe presence of the asymmetsyof EFG, each satellite line
promising becausg is extremely short compared to that of is shifted as much and the corrections farare vanishing
the conventional superconductors. Moreover, the strongh the case oH||c axis?’
electron-correlation effects artiwave pairing symmetry of Generally the EFG originates from two different sources,
HTSC are expected to change the electronic structure of theamely, from the on-site distributiong, ;. Of the electrons
vortex dramatically>~*"In fact, recent scanning tunnel mi- and from the surrounding ionsio;, 9= don.citet Gion- RE-
croscopy(STM) measurements revealed that the vortex ofcent analysis ofj on the Ci2) site suggests thal,,.sie IS
HTSC is very different from those of conventional mainly composed of the Cupdand 3 shell term<> In
superconductor®-2° These unusual features of HTSC are HTSC the holes in the Cud3_, orbital play an important
expected to enhance the charging. We will discuss these igole for the onset of superconductivity. Figure 2 shows the
sues later. doping dependence ofvg of the Cu2) site for

The vortex charge also plays an important role for theyga,Cu,0,_5,%* La,_,SrCuQ,,%®> and HaBaCuO,, 5.2

vortex dynamics. When a vortex moves within superfluidin all materials, v increases linearly with the number of
electrons, the core plays a key role in dissipation procéSses.noles in the planes and can be written as

One of the most striking phenomena is the vortex Hall

anomaly, namely, sign reversal of the flux flow Hall effect

below T, which is observed in most HTSE.This Hall- vQ=AMhoiet C, ©)

sign reversal indicates that the vortices move upstream

against the superfluid flow. Such an unusual motion hasvheren,q is the number of holes per @) atom, andA

never been observed in any other fluid including superfluicand C are constant§*=%° Although C is strongly material

helium and cannot be explained in the framework of thedependent, reflecting the difference imw;y,, A=~

classical hydrodynamic theofy.Recently, this phenomena 20—30 MHz per hole for the GR) atom is essentially ma-

has been discussed in terms of the vortex charge that preerial independent. Thus, the precise measurementof

duces an additional force acting on the vorties. makes possible an accurate determination of the change of
To elucidate the vortex charge, a direct observation of thehe local hole number at the Cu site.
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FIG. 2. Doping dependencies afy on the C¢2) site for
YBa,Cu;0;_5s (Ref. 29, La_,SrCuO, (Ref. 25, and FIG. 3. The NQR(a) and the lower(b), and upperic) NMR
HaBaCuO, s (Ref. 26. v is proportional to the hole number.  satellite spectra at 9.4 T féfCu(2) site of YBaCusO; for various
temperature$220 K, 200 K, 180 K, and 160-10 K in a 10-K sjep
I, EXPERIMENT

show the same spectra for YB2u,0g. All data were taken

by utilizing a phase-coherent spin-echo spectrometer. The
spectra are obtained with a superposed method of the
Fourier-transform spectra of the spin echo measured at a cer-
gain frequency interval. The temperature dependenciesg,of
obtained from NMR and NQR are shown for YE2u,0,

The principle of our experiment is the following. In the
measurement, only the resonance of ##@u(2) nucleiout-
side the vortex corés detected. This is because the applied
field is much less thahkl., and hence the core region occu-
pies a smaller area in the sample. If the vortex core trap
(expels a finite amount of electrons, the electron density S .
outside the core should decredserease from that in zero and YB3Cu,Og in Figs. 5N§,Qd 6, respectively. The tempera-
field where the electron distribution is uniform, as shown inturé dependencies ofg<™ for both YB%SF%@ and
Fig. 1(b). We are able to detect the change of carrier densit)?{Bazcwogg are quite similar to those obg<" reported
through the change of the value of. previously=® It should be noted that the procedure for obtain-

In the present measurements, we used slightly overdopdfld ¥q from the frequency difference between the upper and
YBa,Cu;0, and underdoped YB&u,Og in which the NQR lower satellites is essentially free from the influence of the
and NMR spectra are very sharp compared to those of oth&hange of the magnetic shifor Knight shify. Moreover, the
HTSC. The NMR spectra are obtained for fine-powderednagnetic effect of the asymmetric broaderifhgso-called
samplegthe grains are less than 3an) with uniaxial align- Redfield patterndue to the vortex lattice in the supercon-
ment. Each grain aligns to an easy afthee ¢ axis) in a high ducting state is exactly canceled out in the process determin-
external field at room temperature, and is then fixed withi"d ¥q from NMR. Thus, we obtained the, values simply
epoxy (Stycast 126p from the difference of the peak frequencies of the two satel-

The Cu-NQR and NMR spectra were obtained by a conlite lines.
ventional pulse spectrometer. The NMR experiments were

performed in a field-cooling condition under a constant field () //\
of 9.4 T by using a highly homogeneous superconducting /{/@\
magnet that was stabilized to less than 1 ppm during the _ /// AN

experiment. The present measurement in the vortex state i-‘é
made in the so-called Bragg-glass phase in which the quasi~
long-range order of the vortex lattice is preserved. We see «2

slightly asymmetric shape of the NMR-satellite spectra due | = // NS
to the misalignment, somehow, of some grains. The line z | j//// \\\\
broadenings of the NQR spectra in zero external field are no’g ,:4/{ \\\;
observed even belowT. in both YBaCu;O; and 8 ///,/ \\\K\\\v
YBa,Cu,Og. The width of the NMR spectra becomes e r /// / \\\3\:
broader with decreasing below T, partly due to the AR SS
magnetic-field inhomogeneity caused by the introduction of 7 300K N\
the vortices and partly due to the spatial distribution of car- . s P, : : : : : L
rier density, which we will discuss later. 294 297 300 776 780 784 1368 1372 1376
f (MHz) f (MHz) f (MHz)
IV. RESULTS AND DISCUSSION FIG. 4. The NQR in zero fielda) and the lower(b) and upper

(c) NMR satellite spectra at 9.4 T fd°*Cu(2) site of YBaCu,Oq
Figures 3a)—(c) show the NQR and NMR spectra of for various temperaturd800 K, 220 K, 200 K, 180 K, and 160-10
63Cu(2) for optimally doped YBgCu;O,. Figures 4a)—(c) K in a 10-K step.
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FIG. 5. The temperature dependencevgfobtained from NQR
and NMR for ®Cu(2) site of YBaCu,0;.

We plot in Fig. 7 the difference betweer, in zero field
and in the vortex state,Avo=wvo(0)—vg(H), for
YBa,Cu;0; and YBgCu,Og. The vq in zero field for NQR
is obtained after correction by the factor ¢f + %?%/3 in Eq.
(1), although this factor is at most 0.03% of, for 7
~0.04 of the present materials. In both materialg, is
essentially zero abové&., indicating no modulation of the
carrier density. Meanwhile a nonvanishidgyq, is clearly
observed belowT. in both materials. While Avg~
—25 kHz is negative in YBECu;0;, Avg~50 kHz is posi-
tive in YBa,Cu,Og at T=0.

PHYSICAL REVIEW B 63 144502
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FIG. 7. T dependence af vo=vq(0)— vo(H) for YBa,Cu0,
and YBgCu,Og. In both materials nonzemyvg is clearly observed
belowT., showing that the electron density outside the core differs
from that in zero field.

next remark on an in-plane charge modulation caused by a
charge-stripe formaticf or the charge density wa€DW)
transition of the chain sit&~*? Although the static-charge
ordering associated with a stripe formation has been dis-
cussed in some of the high: cuprates, such orderings have
never been reported in YB&u;O; nor in YBaCu,Og.
Moreover, it has been reported that in La:214 compounds the
static-charge-stripe order gives rise to the wipeout of NQR
signals® implying that the static-stripe order, if present, in-
duces large effects on quadrupole interactions. However, we
have observed neither the broadening of the NQR spécatra
zero field nor any sign of the wipeout of NQR and NMR
signals in the present measurements for YBaO, or

We discuss here several possible origins for the nonzerdBa2CWwOs. Finally we mention a recent report of the
Avg. We first point out that the magnetostriction cannot bebroadening of the NQR line widths in the plane at low tem-

the origin of the nonzerd\»q. In fact, both the magneto-
striction and ultrasonic-absorption measurements show
that the local lattice distortiol\| caused by the magneto-

peratures in YBsCu;0;_ 5, which was explained in terms

c@f the CDW formation in the chain sif®. In the present

study, in which we obtained sharper NQR line widths com-

. 32 . .
striction is negligibly small under the field-cooling condition; Pared to the previous reports?such line broadenings due
Al/l<10°8 below 10 T wherd is the lattice constant. We !0 the electric-quadrupole interaction is not observed. Thus,

29.88
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FIG. 6. The temperature dependencevgfobtained from NQR
and NMR for ®Cu(2) site of YBaCu,Os.

there is no evidence of charge modulation due to CDW or
stripe formation in zero field in our crystals. It is also quite
unlikely that the magnetic field induces the CDW or stripe
formations. Having ruled out these various possibilities, we
conclude that the nonzero values thwg naturally lead to
the fact thatthe electron density outside the vortex core is
different from that in zero field

We now discuss the issue of the sign and magnitude of
the accumulated charge. The negativeg in YBa,CuzO;
indicates the increment of the hole density outside the core.
This excess density of holes is nothing but the holes expelled
from the core. Therefore, the accumulated charge in the core
of YBa,Cu;0; is negative. By the same reasoning, the posi-
tive Avg in YBa,Cu,Og indicates a positive accumulated
charge. Meanwhile, since the chemical potential decreases
monotonically with doping holes, Eq.(1), sgnQ;
=sgndInT./dIn ), predicts thaQ,>0 in the underdoped
regime whileQ,<0 in the overdoped regime. This is strik-
ingly in contrast to the sign determined by the present ex-
periment. The deviation of the magnitude of the charge from
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theory is also noteworthy. The magnitude of charges pemicroscopic calculation is needed to evaluate the accumu-
pancake vortex, which are roughly estimated usiQg lated charge quantitatively including the sign.
~AvgHc,/AH assumingH,~200 T areQ,~ —0.00% to
—0.02 for YBa,Cu;0; and Q,~0.01e-0.0% for
YBa,Cu,Og. However, according to Edl), Q; is estimated
to be ~10 *-10 °e where we assumed~30 A. There- From the precisé3Cu-NMR and NQR measurements, we
fore, |Q§| determined by the present experiments are still ondnave shown that a vortex in type-1l superconductors can trap
or two orders of magnitude larger than expected by #y. a finite electric charge as well as magnetic flux. In the
Thusthe BCS theory not only predicts the wrong sign of theslightly overdoped YBgCu;O, the vortex is negatively
charge but also underestimatg®;| greatly. charged, while in underdoped YBau,Og it is positively
There are several intriguing possible origins for these diseharged. In both higff. materials, the accumulated charges
crepancies. For example, because of the extremely ghort are much larger than expected in the ordinary superconduct-
the vortex core may be in the quantum lirkigé~1, where  ors. The sign and value of the charges indicate the electronic
ke is the Fermi wave number. In this limit, the description of structure of the vortex in HTSC.
the quasiparticles in terms of semiclassical wave packets
breaks down in contrast to conventional supercondu&?ors. ACKNOWLEDGMENTS
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