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Hall Anomaly in the Superconducting State of HighT'. Cuprates:
Universality in Doping Dependence
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We have measured the flux flow Hall effect in the superconducting state of variousThigh-
superconductors (HTSC) from the underdoped to the overdoped regime. We show that the Hall sign
is universal and is determined by the doping level; the sign is electronlike in the underdoped regime
and holelike in the overdoped regime. This tendency contradicts the prediction of the time dependent
Ginzburg-Landau equation based on theave weak coupling theory, suggesting that such a theory
fails to evaluate the Hall force acting on the vortices in HTSC. This discrepancy may be attributed to
the novel electronic structure of the vortex in HTSC. [S0031-9007(98)05831-1]

PACS numbers: 74.25.Fy, 74.25.Jb, 74.60.Ge

The vortex motion in the superfluid electrons has pretole in determining the Hall sign at low fields. The
sented a persistent problem in the superconducting statéall sign reversal occurs Whetm)‘{y has a sign opposite
of type Il superconductors. Knowledge of the Hall effectthat of the normal state Hall effect. In the framework
enables us to obtain clear and important information orwithin the BCS theory, several authors have calculated
this problem. One of the most puzzling and controver—(r)‘(/y and emphasized the importance of the electronic
sial phenomena is the sign change that has been observsiucture of the materials for understanding the Hall effect.
in the Hall effect in the superconducting state in mostFukuyama, Ebisawa, and Tsuzuki (FET) [9] have derived
high-T. superconductors (HTSC) and some conventionathe TDGL equation from the microscopic BCS theory
superconductors [1]. The Hall sign is determined by theand found thatzr,‘c’y appears as a result of the electron-
topology of the Fermi surface in the normal state, whilehole asymmetry, which is quantified BW (w)/dul =,
it is determined by the vortex motion in the supercon-where N(u) is the density of statesy is the chemical
ducting state. The classical theories of vortex motion, theotential, ancr is the Fermi energy. Recently, Aronov,
Bardeen-Stephen [2] and Nozieres-Vinen [3] models, preHikami, and Larkin (AHL) [10] have shown that the
dict that the superconducting and normal states will havaign of 0';/), is universal and is determined YN T./du
the same Hall sign, and thus cannot explain this anomfrom a general gauge invariance requirement of the
aly. Recent experiments have ruled out the possibilityTDGL equation (see also Ref.[11]). More recently,
that some form of pinning induces the sign reversal [4,5]van Otterloet al. [12] have microscopically derivedxvy
Moreover, the occurrence of the sign reversal in one-unitfrom the effective action for the vortex motion based on
cell-thick ultrathin YBaCu;O;—; film demonstrates that the BCS Hamiltonian and pointed out that, can be
the Hall anomaly occurs in a two-dimensional Cufdane  interpreted as the vortex charging effect arising from the
[6]. Several attempts to understand the Hall anomaly havdifference in electron density between the core and the far
been undertaken, but the microscopic origin of this pheeoutside region of the vortex (see also Ref. [13]). All of
nomenon remains a controversial and vexing problem thahese calculations remain valid fetwave weak coupling
demonstrates explicitly our incomplete knowledge of vor-superconductors regardless of the nature of the interaction.
tex dynamics. Thus the Hall anomaly does not itself contradict the BCS

A recent phenomenological theory based on the timeheory.
dependent Ginzburg-Landau (TDGL) equation has been As will be shown later, application of these theories
shown to be quite successful in describing the Hall effecto HTSC leads to the conclusion that the Hall sign is
in the superconducting state [7,8]. According to theholelike in the underdoped regime and electronlike in the
TDGL theory, the vortex Hall conductivityr), arising  overdoped regime. Since the Hall sign in the normal state
from the hydrodynamic contribution plays an importantof HTSC is always holelike, sign reversal is expected
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to occur in the overdoped regime. (For the sake ofWe obtainedp,, from the transverse resistance by sub-
simplicity, we do not consider here the electron-dopedracting the positive and negative magnetic-field data. Be-
material Nd_-,Ce,CuQ,_5.) Therefore measurement of fore presenting the data, we will discuss the method of
the doping dependence of the Hall effect would contributeanalyzing the Hall sign at low fields. It has been pointed
important information for understanding the microscopicout thato,[= p.,/(p2, + pfy)] is insensitive to disor-
mechanism of the Hall anomaly in HTSC. In this der by a general argument of the vortex dynamics [5,14].
paper, we have performed systematic measurements &Me therefore discuss the Hall data in termsgf. To ob-
the Hall effect in the superconducting state of varioustain o, precisely at low fields, we measured the change of
HTSC, including La-, Y-, and Bi-based materials, from p,, for more than 3 orders of magnitude from the normal
the underdoped to the overdoped regime. We showtate value. This was becausg, stays in the same order
that the Hall sign in the superconducting state of HTSCof magnitude, even though,, andp,, change more than
is universal and is determined by the doping level;3 orders of magnitude at some temperatures. In particu-
the sign is electronlike in the underdoped and slightlylar, the magnitude op,, of overdoped crystals is small
overdoped regimes and is holelike in the overdope&ompared with that of underdoped crystals, and changes
regime. This behavior is strikingly in contrast with the rapidly with H. We therefore used a carefully calibrated
conclusion inferred from the weak couplisgvave BCS gl sensor and stabilized the temperatures withthmK
theory, suggesting that such a theory fails to evaluate thg, magnetic fields.
hydrodynamic force acting on the_ vortex of HTSC. Figures 1(a)—1(f) show the field dependencergf for

We have measured three different HTSC systems, 5:014, Y:123, and Bi:2201. The upper (lower) panels
La,-.Sr.CuQ, (La:214), BbSnCuGs+s (Bi:2201), and  represent a typical case for the underdoped (overdoped)
YBa,Cu;0;-5 (Y:123), by changing the electronic state ¢rystals. At high fieldso,, increases linearly wittH
from an underdoped to an overdoped regime. The La:21f," g crystals. With decreasingd, o, diverges to
single c_rystal th_ln films X = 0.10, 0.15, 0.20, 0.24, and _ ¢, underdoped crystals but diverges te= for
0.28) with a thickness of 200—300 nm were grown ONgyerdoped crystals. Thed¢ dependences are analyzed

SrTiO3 (100) substrates using the rf magnetron _sputterin% accordance with the TDGL theory, which predicts
method. They were annealed at 8@for 8 hinair after  nat the flux flow Hall conductivitye,, consists of two

deposition in order to minimize Fhe remaining OXygen Va-contributions:
cancy. TheSr]/[La] concentrations were determined by
x-ray fluorescent analysis and Rutherford backscattering. ow =02 + o’ . (1)
The transition temperatureg for x = 0.10, 0.15, 0.20, ’ T
0.24, and 0.28 were 26.0, 33.3, 29.6, 18.6, and 9.5 KThe first term describes the contribution arising from
respectively. The transition temperature for optimallythe quasiparticles inside and around the vortex core.
doped crystaITfpt is 34.0 K. Epitaxialc-axis oriented This term has the same sign as the normal state and is
Y:123 thin films (7c*" = 92.0 K) with a thickness of proportional toH, which is consistent with ther,, at
100 nm were deposited on SrTiQ100) substrates by high fields in Figs. 1(a)-1(f). The second term is the
laser ablation. To obtain the overdoped crystals, Y is subvortex Hall term discussed earlier. This term is inversely
stituted by Ca with a compositioflY;_,Ca)BaCu;O,  proportional toH. Accordingly, at low fields, the Hall
(x =0, 0.1, 0.2, 0.4). The transition temperatures forsign is determined by, . For Bi:2201 and underdoped
x =0,0.1,0.2, and 0.4 were 90.3, 80.1, 65.0, and 62.1 KY:123, oy, varies as IH at low fields, but for La:214
respectively. Films were annealed at 400for 1 h in  and overdoped Y:123r,, varies faster than/H [15,16].
oxygen atmosphere after deposition. The calcium conThis seems to suggest that, does not vary as/H in
tents of the films were the same as that of the target, whicthe regime, where the vortices are very strongly pinned.
was confirmed by inductive coupled plasma spectroscopylhe detailed analysis will be published elsewhere; here,
The single crystals of |3i;2201T€Pt = 35.0 K) were We focus on the sign oefr)‘c’y, which we determine by the
grown by the traveling-solvent-floating-zone technique diverging direction ol ., with decreasingi at low fields.
To realize an overdoped state in the crystal, we have Figure 2 displays the doping dependence of the Hall
made a Pb-for-Bi substitution to yield a composition ofSign in the superconducting state of HTSC including La-,
Bi; s0Phy3sSh01CUQs+ 5. To obtain an underdoped state, Y-, Bi-, and Tl-based compounds. In Fig. 2, we display
the crystals were annealed in a vacuum -ef0~* Pa the present results together with the data obtained by
for the reduction of oxygen content. The transitionother groups. In this figureT. is normalized by7:™
temperatures for the samples measured were 21.1 K fder the corresponding system. The filled circles depict the
the underdoped and 20.0 and 6.0 K for the overdopeélectronlike Hall sign (Hall anomaly), and the open circles
crystals. depict the holelike Hall sign (no Hall anomaly). Figure 2
Diagonal resistivityp,, and Hall resistivityp,, were demonstrates that the Hall anomaly occurs always in the
measured simultaneously at ac (17 Hz) current densitiegnderdoped and slightly overdoped regimes. The Hall
J = 10-100 A/cn? using lock-in amplifiers (PAR124A). anomaly is sample dependent néap’Tfpt ~ 0.9 in the

3595



VOLUME 80, NUMBER 16 PHYSICAL REVIEW LETTERS 20 ARIL 1998

71— 400

853 gy v823 () 7
PR I R | | |

Oy (Q1!ceml)

[ .50 800 [
200 3 45 1 [
roi 14.0K 600 |
N | a00f,
100 |- & 1 :
55 2000 5401 °
6.0 (b) 0’621K (d) 7 f)
P S S RPN R SRR B Ll . Ll TP W | P U B B B
01 2 3 4 5 6 7 0 2 4 6 8 10 12 01 2 3 4 5 6 7

BoH (T) uoH (T) woH (T)

FIG. 1. Field dependence of the Hall conductivity bel@w (a) La_,Sr,CuQ,, x = 0.15 (T. = 33.3 K); (b) La_,Sr,CuQ;,
x =028 (T, =95K); () YBaCwO, s (T.=903K); () (Y, ,Ca)BaCwhO, 5, x =04 (T, =62.1K); (e)
Bij 30Phy33Sh.oCuQs+s annealed in a vacuunt7, = 21.1 K); (f) Bi; goPhy33gSh.oCuQs.s, as-grown(T. = 6.0 K). The upper
panels [(a), (c), and (e)] display,, for the underdoped crystals, and the lower panels [(b), (d), and (f)] displayfor the
overdoped crystals.

slightly overdoped regime, but no Hall anomaly is ob- The present results suggest that a simgpleave weak
served beyond this regime. This behavior is observed igoupling theory fails to evaluate the hydrodynamic force
the crystals with monolayer, double layer, or triple layeracting on the vortices of HTSC. Recently, Geshkenbein,
structures. Moreover, the Hall sign depends neither otoffe, and Larkin [26] discussed the Hall effect of HTSC
the magnitude of anisotropy nor on the pinning strengthin the presence of the preformed pair that forms a local
of the materials. We therefore conclude that the doping space pairing abové.. The authors suggested that, in
dependence shown in Fig. 2 is one of the universal transsuch a situationy, term may not be written simply as
port properties of HTSC, showing théfte Hall sign in  sgr(e)d InT,/dw. Their theory points out the possibility
the superconducting state is related closely with the charof an electronlike Hall sign in the underdoped materials,
acteristic electronic structure determined by the dopingbut it seems to fail in explaining the holelike Hall effect
This is the main result of this paper. in the overdoped materials. Another possible origin may
We now compare the present results with the TDGL debe the novel structure of the vortex in HTSC, in which the
scription based on the BCS theory. It has been shown thaymmetry of the superconducting gap of HTSC is most
the imaginary part of the complex relaxation tifg = |ikely a d,:—,- wave. A recently growing body of theo-
y1 + i7,) inthe TDGL equation gives rise @y, (o, *  retical and experimental results indicates that the structure
—v2) [7,8]. According to FET, the sign of), is given  of a vortex ofd-wave superconductors is quite different
by the sign of sgré) IN(n)/d il =,, Where sgné) is the  from that of swave superconductors [27]. For instance,
sign of the carrier [23]. We lack the detailed knowledgethe phenomenological Ginzburg-Landau theory has shown
of the Fermi surface needed to validate this theory. Howthat the vortex in thel-wave superconductor should con-
ever, according to AHL theory, which is based on a moretain thes-wave component counter-rotating relative to the
general background, the sign oﬁ’y is given by the sign d-wave component near the vortex core [28]. A simi-
of sgrie)dInT./dn [10]. The photoemission experi- lar structuredd-wave vortex has also been predicted quite
ment demonstrates that decreases monotonically with recently by Himedat al. [29] from microscopic calcula-
doping holes [25]. Thus the BCS theory leads to the contions based on theJ model. Therefore it seems probable
clusion that the Hall sign is positive in the underdopedthat the contribution of the vortex core to the Hall force in
regime where sd)dInT./du > 0 and is negative in d-wave superconductors is different from thatsmvave
the overdoped regime where sgi/In7./du < 0; the  superconductors [30]. A detailed theoretical calculation
sign reversal should occur in the overdoped regime ani greatly needed.
be absent in the underdoped regime. This is strikingly in It is well known that the normal state of HTSC in
contrast to the result displayed in Fig. 2, indicating thatthe underdoped regime exhibits unconventional behavior,
the BCS theory yields the wrong Hall signs in both thewhich is characterized by the unusual excitation spec-
underdoped and the overdoped regimes. tra observed in NMR-relaxation-rate and photoemission
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FIG. 2. Doping dependence of the Hall anomaly in the
superconducting state for various hi@h-cuprates including
La-, Y-, Bi-, and Tl-based compounds. We display the

Hall sign determined in the present study (see text), together

with the data obtained by other groups; Bi:220T, &
7.5 K: underdoped) [17], Y:123%. = 60 K: underdoped) [18],
Y:124 (T. = 81 K: underdoped,7c™ = 91 K) [19], Bi:2212
(T. = 86 K: underdoped,T. = 92 K: optimally doped,T. =
87 K: overdoped) [20], TI:2201%,. = 79 K: underdoped?, =

82 K: optimally doped, andT. = 72 K: overdoped) [21],
TI:2212 (I, = 104 K: optimally doped) [22], and TI:2223
(T. = 107 K: optimally doped) [4]. Filled circles denote
presence and open circles denote absence of Hall anonmaly.
represents the carrier number, afid are normalized bnypt
(see text).
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