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Using a model Hamiltonian witkl-wave superconductivity and competing antiferromagn@i€) interac-
tions, the temperaturél) dependence of the vortex charge in highsuperconductors is investigated by
numerically solving the Bogoliubov—de Gennes equations. The strength of the induced AF order inside the
vortex core isT dependent. The vortex charge could be negative when the AF order with sufficient strength is
present at low temperatures. At higher temperatures, the AF order may be completely suppressed and the
vortex charge becomes positive. A first-order-like transition inTkeependent vortex charge is seen near the
critical temperaturd 5. For an underdoped sample, the spatial profiles of the induced spin-density wave and
the charge-density wave orders could have stripelike structurds<dt;, and change to two-dimensional
isotropic ones al >T,. As a result, a vortex charge discontinuity occur§ at
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For the past several years, there have been intensive stud- In this paper, we shall investigate the vortex charge as a
ies on the vortex physics in high-temperature superconducfunction of T for both optimally doped and underdoped HTS
ors (HTS). It is well established now that thebwave super- in detail. Our calculation will be based on the model Hamil-
conductivity (DSC) with a competing antiferromagnetism tonian on a square lattice with a nearest-neighboring attrac-
(AF) order plays an important role in determining the vortextive interactionVpgc describing the DSC and an on-site
structure of HTS. Many theoretical studie¥ have shown Coulomb repulsiorlJ representing the competing AF order.
that the AF order may appear and coexist with the underlyingVe shall adopt a well-developed numerical schéite
vortices. Experimental facts including neutron-scatteting, study the vortex structure. Our numerical results at fifiite
moun Spin rotation measureméﬁtand nuc|ear-magnetic- confirm that the Sign of the vortex Charge is still determined
resonanceNMR) experiments®*4 have provided a strong by the AF order in the vortex core, being consistent with our
support to the existence of AF order inside the vortex core irPrevious work® The vortex charge could be transformed
appropriately doped HTS. On the other hand, the electricaifom negative to positive values dss increased to a critical
charge associated with the vortex in superconductors has al¥glueTar such that the AF order is completely suppressed at
been paid considerable attention both theoretitalR) and ~ T>Tar, and the transition seems to be a first-order-like. For
experimentally'*?Based on the BCS theory, Blatteral!®  an underdoped sample, we show that the symmetry of the
pointed out that for arswave superconductor, the vortex induced spin-density waveéSDW) and the charge-density
charge is proportional to the slope of the density of states avave (CDW) may change from stripelike to two-
the Fermi level. However, the NMR and nuclear quadrupoledimensional-like at a critical temperatufg. A discontinuity
resonance (NQR) measurements on YB&wO, and Of the T-dependent vortex charge also appear$at
YBa,Cu,05 (Ref. 21) seemed to obtain results for the vortex ~ The effective mean-field Hamiltonian describing both
charge, contradictory to that predicted from the existing BCSP?SC and SDW orders on a two-dimensional lattice can be
theory with respect to both the sign and the order of magnitepresented as
tude. In addition, if the impact of vortex charge on the mixed
state Hall signal is considerédthe sign estimated from Hall
effect experimentg for various HTS materials disagrees H=—_Z ti,-ci*gcj,,ﬂtz (Uni;—,u)cfacio
with the prediction of BCS-type theory. In view of these bl b
points, together with the fact that the strong electron corre-
lation with thed-wave superconducting pairing was not con- + 2 (AijCiTTCLJr H.c), 1
sidered for the vortex charge, we carried out the previous b
studie€® at zero temperature and found that the vortex
pharge in HTS is §trong|y influenced by the presence of th‘\awhere ciTJ is the electron creation operator apd is the
mduceq AF order in t.h.e vortex core. The charge carried by hemical potential. In the presence of magnetic figlger-
vortex is always positive for a pumwave superconductor,

. . : e ndicular he plane, the hopping integral can X-
and it becomes negative when there is sufficient strength e dicula to_t © pane, ! eri opping integral can be e
AF order in the vortex cord® Since most relevant experi- PréSSed asij =toexi(m/®o)f; A(r)-dr] for the nearest-

mental phenomena have been observed at fihiet close  neighboring sites andj. A Landau gaugé\=(—By,0,0) is

to zero, including the sign change of the mixed state Halichosen. The two possible SDW and DSC orders in cuprates
effect? it is necessary and valuable to study theoretically theare ~ defined as APPY=U(cf.c;;—cfc;)) and A
vortex charges at finitd, which so far have not been ad- =Vps(Ci;Cj; —Cj Cj)/2, whereU andVpgc represent, re-
dressed in the literature. spectively, the interaction strengths for the two orders. The
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mean-field Hamiltoniar(1) can be diagonalized by solving D-wave Superconductivity
the resulting Bogoliubov—de Gennes equations self-
consistently,

s Hijo A uj, Uy ‘ /
_E 5 :
T\ A —H;’; v?; i vin; ’ @ & B !
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(@4 @ aP

where the single-particle Hamiltonian 7;; ,= —t;; - - tizal :
_ aggere agnetization
+(Unir2r_M)5ija and  n =3 |ul[?f(E),  n = % et
n n_n
En|vi¢| [1_f(En)], and Aij:(VDSC/4)En(uiTUjl* (b)M_ (e)M,

+oiiuf)tanh€/2keT), with f(E) as the Fermi distribu- :
tion function. The DSC order parameter at thih site ;
is APz(AiD+ex’i+AiD_ex1i—AEi+ey—AEi_ey)/4, where A7

=A”-exp[i(w/d)o)fg_”“i)/zA(r)~dr] ande,, denotes the unit 4.

vector alongk andy directions. In our calculation, the related
parameters are chosentasa=1, Vpsc= 1.2, the linear di-
mension of the unit cell of the vortex lattice i< N, =40 Electron Density
X 20. This choice corresponds the magnetic fidkd 37 T.

In the absence of the magnetic field and for optimally
doped sampled=0.15), the parameters are chosen in such a
way that only DSQwith T;~0.164) prevails in the system. "
Our numerical results with) =2.2 indeed show that the AF ™ ‘
order is induced at low temperature and is suppressed whe "
T s larger. The spatial profiles of the superconductivity order "+ ‘ B
parameter, staggered magnetization, and the charge densi N e v e e B

. Y s g ST §
near the vortex core are plotted at two different temperatures - o X

in Fig. 1. Here, the staggered imagneti_zastié)vr\) of the induced FIG. 1. Spatial variations of the DSC order parame@r[(a)
. . o aNIAS L
ﬁ;g: .iD\gqg:gtegés.ﬁfggfg agns gert)tﬁé Délé.o-l;gerI;ra and(d)], staggered magnetization? [(b) and(e)], and net electron
1S gen : gion w P n?iensityni [(c) and(f)] in a 20x 20 lattice. The left panelga)—(c)]
eter is partially suppressed. The low-temperature results gt "o right panelg(d)—(f)] are for T=0.02 and T=0.05,

T=0.02 are shown in Figs.(d) to 1(c), where the AF order espectively. The averaged electron density is fixechat0.85

is nucleated and spreads out from the core center, and tr);%duzz 5
vortex charge is negative. The induced AF order behaves o
similar to a two-dimensional SDW with the same wavelength

in the x andy directions. The higher-temperature results atcharge, we first determine the vortex size by examining the

T=0.05 are shown in Figs.(d) to 1(f), where the AF order spatial profile of DSQ or_der parameter. Next, we sum over
is completely suppressed and the vortex charge becomdd€ Net electron density inside the vortex core. In Fig),2
positive. The appearance of the SDW order pinned by thd/€ depict the ch_emlcal potential verstisat a fixed dop|_ng
vortex lattice at lowT strongly enhances the net electron '€Vl (6=0.15 withU=2.4 andU=2.2). The resul{solid
density(or depletion of the hole densjtgt the vortex core as  1N€) for U=2.4 exhibits a first-order-like transition ajr
shown in Fig. 10). The present result is consistent with that ~0-077, indicating the existence of induced AF order below
of Ref. 20 where the doping and-value dependences of this critical temperature. Fdd = 2.2, the resultdashed ling
vortex charges are examined. Both works reach the same

(c) ni () “i

conclusion: the vortex charge is negative when a sufficient %8 0.69]
strength of SDW order is induced, while it becomes positive (b) U=2.4
with the suppression of the SDW order due to increasing theg **] E 066
T or doping level, or decreasing thé value. = 004, g

Figure Za) plots the phase diagram df versusU for & & 06y
positively (hole-rich and negatively(electron-rich charged E 002 g o0 U=2.2
vortices. It is obvious that the AF vortex core can easily be 2 P
induced in the low-temperature regime or with a stronger AF 440 R

interactionU, while the pure DSC core tends to exist in the 21 22 23 24 000 003 O eturn 18
high T or smallerU. The electron density inside the core is v emperature

higher than the average density in the low-temperature re- F|G. 2. (a) Phase diagram of interaction strengthversus tem-
gion, while the electron density becomes lower than the avperatureT for positively and negatively charged vortices at optimal
erage in the high-temperature region. There exists a cleafoping §=0.15. (b) Temperature dependence of chemical potential
boundary between these two phases. To estimate the vortéor U=2.4 andU=2.2.
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FIG. 3. The temperature dependence of the number of vortex vy '° A 0y y 10 ] 0y
chargeQ, /e for U=2.4 (solid ling), U=2.2 (dotted ling, and 00 £o
U=0 (dashed ling The averaged electron density is fixed - T=0.17 ® n
€

atn=0.85. s 2 09,

seems to show a very weak discontinuity which can hardly °2
be seen in Fig. @). The above finding may be closely re- ,
lated to the experimental results for underdoped F@®a0g
(Ref. 14 where the vortex core with induced AF order below 2 S »
T e Was reported. Also from Fig.(B), a discontinuity in the = 7 0 g B S 10
slope of theT-dependent chemical potential B¢ for both 0o % 00 %
cases can be clearly observed. We expect that the local den- g, 4. Spatial variations of the local electron densityfor
sity of stategLDOS) of the vortex core should have double yarious temperature®) T=0.0, (b) T=0.11, andc) T=0.17. The
peaks 1% near zero bias folT<Tag; while for T strength of the on-site repulsiod=2.4. The averaged electron
>Tar only a single broad zero-bias peak can appear in th@ensity is fixed an=0.88.
LDOS as one of the essential characteristics of BS@.
would be interesting to measure this temperature evolution igjightly with T and then decreases to zeroTaapproaches to
the LDOS by future scanning tunnel microscof®TM) ex-  T_. The critical temperaturd ,¢ is U-value dependent or
periments. Also, interestingly, even though the origin of thesample dependent. The larddrcorresponds to largeFr .
Hall sign anomaly in HTS is still debatabfé,the vortex These results confirm that the vortex charge is strongly in-
Charge could make an additional contribution to the Sigrﬂuenced by two Competing effects: the Suppression of the
change in the mixed state Hall conductiviyAs a result, we  DSC order at the core center leading to the depletion of
predict that a sign reversal in the Hall signal may occuF at electrons, and the induction of the AF order which favors the
not too far belowT 5. accumulation of electrons. The condition for the negative
In Fig. 3, we plot the vortex charge numb&;, /e as a  vortex charge to appear depends solely on whether there is
function of T for three typicalU values, wheree<O is the  sufficient AF order inside the vortex core. We emphasize that
charge of an electron. Thedependence of the induced stag- our results are robust and indifferent to band parameters, and
gered magnetizatioMg at the vortex core center has also should give a qualitative description on the vortex physics
been examined in previous studie€where the induced AF  in HTS.
order is shown to disappear for>T,r. From Fig. 3 and for In the following, we are going to investigate the tempera-
U=2.4, one can clearly see an abrupt jump in the number ofure dependence of the vortex charge for the underdoped
vortex charge, /e asT varies around ,~0.077, whichis  HTS (6§=0.12). ForU=2.4, the spatial profiles of the stag-
consistent with the critical temperature as shown in Fg).2 gered magnetization and electron density near the vortex
This positive to negative vortex charge transition seems to beore at three different temperatures are plotted in Fig. 4. As
first-order-like. The magnitude of the discontinuity reducesdiscussed in our previous wofkhe parameters used to ob-
to one-third wherld=2.2 atT,e~0.04. Here, the disconti- tain Fig. 4 yield stripelike structures in the DSC, SDW, and
nuity occurs at the positive to positive vortex charge transi-CDW order parameters at very low-temperature. In the
tion, not the positive to negative transition as studied in thepresent work, the DSC and SDW orders coexist in under-
case ofU=2.4. This is because slightly below,-, the doped sample beloW ., which impliesTog>T.. So the
induced AF order is too weak to make the vortex chargequestion arises: will these stripelike structures persist with
negative. For a pure DSC case with=0, the vortex charge increasing temperature? From our calculations, the spatial
Q, is always positive and its magnitude first increasesprofiles of these order parameters may go through three dif-
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15 in Fig. 5 exhibits a discontinuity als~0.1, which reflects
the characteristic temperature between two different symme-
tries. ForU=2.2, the spatial distribution patterns for SDW
and CDW are always isotropic and two-dimensional with
Tar~0.09, where an appreciable discontinuityQp /e (see

the dotted line in Fig. bis present.

Recently, STM experimerfts®® showed the existence of
inhomogeneities in the electron density even for the opti-
mally doped Bj}Sr,CaCyOg, , there the hole density var-
ies from 0.1 to 0.2. From our previous paffemnd the
present study, we found that there may exist two types of
vortex cores, either negatively charged or positively charged.
By increasingT, the number of negatively charged vortices
decreases, while that of positively charged vortices increases.
- . . r - . : This may have a profound effect on the mixed state transport
0.00 0.05 0.10 0.15 0.20 properties in HTS. We have also examined the effect of the

long-range Coulomb interaction on the charge distributions

temperature using the Poisson equation. Our results show that its influ-

FIG. 5. The vortex charge numbeY, /e for U=2.4 (solid line ence on.the vortex cha_lrge is weak and 'ghere is no qualitative

change in our conclusion. Finally, we wish to point out that
our numerical study has been performed in a strong magnetic
field. So far we are not able to extend this calculation to a
much weaker field. However, according to the extrapolation
ferent symmetries &8 increases. AT =0, the spatial distri-  scenaric®® the magnitude of the induced AF order follows
bution of SDW M) and CDW () orders exhibit quasi- roughly a linear relationship witB. The strength of the AF
one-dimensional stripelike behaviasee Figs. @) and 4b)].  order and the magnitude of vortex charge are estimated to be
WhenT is raised toT=0.11 above a characteristic tempera-much smaller asB is reduced to the experimental value
ture T4 (~0.1), the symmetry of the patterns change to iso(~9.4 T). Despite this difficulty, our numerical approach
tropic and two dimensiondkee Figs. &) and 4d)]. Above  should give a consistent description to the behavior of vortex
T, (~0.16) and atT=0.17, the residual AF and electron charges in HTS.
density become uniform, as shown in Figée)4and 4f). The We are grateful to Professor S. H. Pan, B. Friedman, and
AF order vanishes whelm>T,g. Dr. J. X. Zhu for useful discussions. This work was sup-

Finally, we display the temperature evolution of the vor-ported by the Robert A. Welch Foundation and by the Texas
tex charge numbe@, /e for the underdoped cas€=0.12  Center for Superconductivity at the University of Houston
with U=2.4 andU=2.2 in Fig. 5. Comparing with Fig. 3, through the State of Texas. Z.D.W. also appreciates the sup-
the magnitudes of vortex charges for both cases in Fig. 5 giort from the RGC grant of Hong KondGrant No.
low-temperatures become larger as a result of stronger AHKU7092/01B, the Ministry of Science and Technology of
order near the vortex core in underdoped samples.Uror China under Grant No. 1999064602, and the URC fund
=2.4, theQ, /e versus temperature curysee the solid line of HKU.

1.0 4
Qe

0.5

0.0

andU =2.2 (dotted ling as a function of temperatue The aver-
aged electron density is fixed at=0.88.
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