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Double sign reversal of the Hall effect in the mixed state of YBgCu30,
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The Hall effect in a YBaCuO, thin film was measured using high current densities of the order of
10° A/em?, and the second sign reversal was observed clearly in the irreversible regime. The shape of the
boundary between the positive and the negative Hall effect plottedBoit plane is similar to those of Bi- and
Tl-based materials reported previously. Feigel'naral.s theory reproduces the experimental results quali-
tatively. [S0163-182608)04814-0

According to the conventional models of the vortex exhibits sign reversals and stays negative until it becomes
dynamics’? the Hall effect in the mixed state of supercon- smaller than our experimental resolution at lower tempera-
ductors should have the same sign as that in the normal statiglres, which is the typical behavior of YBCO.

However, many highF, materials exhibit a sign reversal of For the measurements with large current densities in the
the Hall effect neaf ;. Although the origin of the sign re- irreversible regime, we used triangular current pulses whose
versal has not been clarified yef the mechanism seems not Width was as short as 3@s in order to avoid excessive

to be related to peculiarities of oxide high-materials, be- heating. For such a short current pulse, the total dissipation

cause the sign reversal has also been observed fofl low- induces negligible temperature increase if the generated heat
material<-11 is absorbed by the substrate that has a large heat capacity. In

. . ; this situation the temperature increase of the film is mainly
re Igr;(lildltlggsto tt?eeer?gno[)es\(laerrza:il neg(:, a ézcéong S{%” controled by the thermal boundary resistance, which exists
TIVBaZCaCLQO 413 v (BiPIb) ZSS?%:aZCLLéOX’” between the film and the substratelt is known that the

2 8 2212 d>

14 Y thermal boundary resistance of YBCO films is nearly inde-
TI;Ba,Ca,Cu04, " and HgBaCaCuyOs . 4.~ In these mate-  hendent of temperature and the substrate maf@rihere-

rials, the sign of the Hall effect is positive in the normal statefore, we can rather easily estimate the temperature increase
and changes to negative nélarand becomes positive again during the current pulse as was done in Ref. 21. Before each
at a lower temperature that depends on magnetic field. In thﬁ]easurement of the Hall Voltage’ we measured the |0ngitu_
case of YBaCwOy (YBCO), however, such behavior has dinal voltage in the same experimental condition and esti-
not been studied systematically so far, although some data ifated the temperature increase. The maximum temperature
the literature indicate the existence of the second Sigincrease we allowed in the present work was 0.2 K.
reversal.®~** One possible reason for this difference is that, |n order to achieve the sufficient signal to noise ratio,
in YBCO, the second Sign reversal is masked by the pinningneasurements were repeated with a low frequdrz[b_ﬂo
effect that is so strong at temperatures where it should takgz) and 1000 pulses were recorded and averaged in a digital
place’® In order to investigate this possibility, we must ex- oscilloscope(Nicolet Pro92. Measurements were performed
plore the irreversible regime using high current densitiesn positive and negative magnetic fields and in normal and
larger than the critical current densities. reversed current directions. The true Hall voltage was calcu-

There have been some pioneering works in the nonlineggted from a combination of these four records, which can be
region of the Hall effect for YBCO. Kunchuet al!® mea- symbolically expressed as

sured the Hall effect just below, using high current densi-

ties up to 0.7 MA/crA. Woltgens and co-workef8 observed 1.2

the scaling relation between the longitudinal and the Hall 1.0

voltages in the region of the negative Hall effect. Both

groups, however, did not search for the second sign reversa.—

at lower temperatures. In the present work, we measured the g 0.6

Hall effect in a YBCO thin film in the nonlinear region using % 0.4

pulsed high currents and searched for the possible secon—

sign reversal. f‘o 2
Films were grown on MgO substrates by a laser ablation 0.0

technique. The axis was oriented perpendicular to the film

surface, and the thickness was 200 nm. The superconducting

transit!on temp(_araturié'C was 87 K. Films were patterned -0.4 78 80 82 84 8 88 90 92

photolithographically into a Hall bar, whose width was 100 Temperature(K)

um. Magnetic fields were applied along theaxis. Figure 1

shows the temperature dependence of the Hall resistivities FIG. 1. Hall resistivity as a function of temperature in 1, 2, 3, 4,

measured by a conventional technique. The Hall resistivityp, and 7 T, measured by a conventional technique.
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FIG. 2. An example of the measurement using a pulsed high
current.
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+Vy(=B,=1]. (1)

The reversal of the magnetic field was definitely necessary in
order to cancel the residual longitudinal voltage because the
typical Hall angle in the irreversible regime was only

~10"4. The reversal of the current turned out to be very

effective to cancel out spurious voltages due to the possible
motion of the sample and/or the voltage lead wires induced
by a strong Lorentz force exerted on a large current. It was
crucial to perform the measurements of four components in
Eqg. (1) in exactly constant experimental circumstances, es-
pecially the temperature, in order to achieve reproducible

E y (mV/cm)

results. Temperature was stabilized withtr30 mK. Note

that the possible temperature increase up to 0.2 K mentioned 02 60.5K 1
above does not harm the data quality provided the four com- 0.0 hd i diaariabir
ponents in Eq(1) are measured in exactly the same condi- 0.0 0.2 0.4 0.6 08 1.0 1.2 1.4
tions. (b) current density (MA/cm?)

Figure 2 shows an example of the measurement. One pe- _ o
riod of the triangular current wave form, rather than a half_ F!G- 3. Hall voltage against current density(® 7 T and(b) 5
T at several temperatures in the irreversible regime.

period, was used for the purpose of confirming the perfor-
mance of the measuring system. It was verified that the first
and the second half of the current wave form gave a consigegime are plotted on 8-T plane in Fig. 4. The data on
tent result. Bi,Sr,CaCyO, and TLBa,CaCyOg4 taken from Refs. 12 and
Figure 3a) shows the Hall voltagesi7 T plotted against 13, respectively, are also plotted in the figure. The Hall effect
the current density at several temperatures in the irreversiblis negative only in the region below the boundary. The shape
regime. The current-voltage relations are strongly nonlineargf the boundary is similar for three materials. The difference
but they are monotonic. Therefore, the sign of the Hall effecis that, for YBCO, the boundary extends from the reversible
can be defined without any ambiguity at each temperature. A0 the irreversible regime. The similarity of the shape
sign reversal takes place at about 67.6 K. This is the seconsirongly indicates the existence of a common mechanism for
sign reversal back to the positive Hall effect. The results ofthe sign reversal for these material. The mechanism must not
the measurements 5 T are shown in Fig. ®). The evolu-  be related to the pinning effect because the location of the
tion of the Hall voltage is very similar to that in 7 T, except irreversibility line does not affect the shape of the boundary.
that the second sign reversal takes place at a lower tempera- There have been many proposals of mechanisms for the
ture in 5 T. The same measurements were also performed #ign reversal of the Hall effect. Among them, only a few can
3,4,and 6 T. account for the existence of the second sign reversal. Hagen
Thus defined sign reversals as well as the first sign reveret al* modified the model proposed by Noms and Viner,
sals observed by a conventional technique in the reversiblgo that a frictional force proposed by Bardeen and Stephen
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10 T T T T T T noec A2 ) . .
oxy=—g -z L(AT/h)’g=sin(éM]+ ol (1-9), (2)
~ 8 . [S
2
2 6k . whereg is a parameter which expresses the superconducting
'“5 portion of the carriersn is related to the excess charge of
"5‘;) 4+ s the vortex core and modified by the screening effect,@,’[‘w
o is the Hall conductivity of the normal state.
g 2r \ . This model, as many other theories, assumes the absence
. of the pinning effect, which is the dominant factor for the
| | 1 LI | 1 1

vortex motion in the irreversible regime. Vinokat al®
pointed out phenomenologically that the Hall conductivity in
the mixed state should be independent of the pinning effect.
FIG. 4. Boundaries between the positive and the negative Hatf\lthough this idea works well very oftef; it is not sup-
effect. Closed circles are for Ba,CaCyO, (Ref. 12, open circles ~ Ported by any microscopic theory. In the analysis below, we
are for Bi,Sr,CaCuO, (Ref. 11), and open and closed squares are concentrate on the boundary between the positive and the
for YBa,Cu0O, (present work obtained by a conventional tech- negative Hall conductivity, which can be more safely ex-
nique and by the pulse current technique, respectively. Solid curveected to be independent of the pinning effect. This assump-
are guides to the eye. The broken curve shows the calculation ation is supported by our observation that the evolution of the
cording to Eq.(5). See text for details. Hall voltage with the increase in the current density is mono-
tonic and the sign of the Hall effect can be unambiguously
fdefined as a function of temperature and magnetic field.
First, we consider the boundary in the small magnetic

0]
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temperature (K)

could be included. According to this model, the boundary o

the' positive and the negative Hall .effect is determined by %ield limit, where the second term in E@), which should be

delicate balance of two types of frictional forces. If we can . . -

assume that the effect of the pinning is equivalent to a renm@roportlonal tOBIi 'S ndeghglble. JI:JSt beIO\;'vf'c }_V\llgereA and

malization of the Bardeen-Stephen-type frictional fofte, g are very small, and in & smafl magnetic ield,

then the boundary should depend on the strength of the pin- )

ning effect. Our experimental results, however, strongly in- o — EA_ sin( o) &)

dicate that the boundary is determined by a common and Xy B sﬁ '

intrinsic mechanism, and independent of the pinning effect.

Therefore, in our opinion, it is difficult to explain the present As long as sign reversals are observed experimentally we

results by this model. must assume siéfi)=+1. Then the Hall effect just beloW,
Freimuth and co-workers’ explanatibfor the sign rever- s negative. Thus, this model predicts the first sign reversal in

sal of the Hall effect is based on the assumption that thehe limit of zero magnetic field &, which agrees with the
transverse motion of vortices develops a transverse temperaxperimental fact.

ture gradient, and the Seebeck effect due to this temperature At lower temperatures and in small magnetic fields, the
gradient modifies the apparent Hall voltage. Using the exgondition (Ar/%)2g=1 gives the second sign reversal. Ex-
perimental results on the Seebeck effect, they succeeded perimentally, the second sign reversal in small magnetic
explaining the double sign reversal of ;Bi,Ca&COqy.  fields takes place at 50—60 K, which is well beldty.
However, the temperature gradient developed by this mecharherefore, as a reasonable approximation we cangput
nism should strongly depend on experimental situations, i.egng A(T)=A,, whereA, is the energy gap af=0. Then
single crystals or thin films, dc measurements or pulse meane condition for the second sign reversal is reduced to
surements, and so on. In this respect, this model seems to Qeﬁ/Ao. If we adopt 20 meV as the value af,, we obtain
inconsistent with the experimental facts that the double sign— g 33x 1013 5. Gaoet al?” and Bonnet al2® estimatedr
reversal is rather common and robust. below T, from their microwave measurements. They ob-
In the present article, we tentatively adopt the model proseryed a rapid increase inwith a decrease in temperature.
posed by Feige'mart al'® This model attributes the sign Their estimation ofr at 5060 K is about one order larger
reversal to the effect of the excess charge of the vortex corgnan the above estimation. Taking into account the fact that
In general, superconducting transition induces a change ¢foth the sample and the measuring technique are different in

the chemical potential, and if the vortex core is in the normaky,q estimations, the difference of one order is not unreason-
state, the difference in the chemical potential must be comype.

pensated by a redistribution of charge carriers. The magni- Next, we consider the boundary in finite magnetic fields.

tude of the diffzerence of the carrier densifp/n, is of the  gecause the normal state Hall conductivity should be propor-
order of (A/eg)”, wheresn=no—n.., Ny andn,, being car- ionga| to magnetic field, o, can be written as
rier densities in the core and far outside the core, respec- y

tively, A is the superconducting energy gap, angdis the -

Fermi energy?* According to this model, the sign of the Hall Oxy=SxyB, 4

effect is determined byn and the relaxation rate of the

normal carrier in the vortex cof@.In the refined version of Wheresﬂy is positive and independent Bf. Substituting Eq.
this modet® the Hall conductivityo,, in the mixed state is (4) and singh)=+1 into Eq. (2) and putting oxy=0, we
expressed as obtain
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noecA?[1—(A7/h)%g] if we use these value farg(Ay/eg)? in the calculation, we

= sﬁsﬂ 1-9) ) obtain magnetic fields for the boundary larger than the ex-
y perimental results by more than one order. Furthermore, the

This relation gives the boundary between the positive and thghape of the boundary is not perfectly reproduced. However,

negative Hall effect on 8-T plane. For the calculation of the disagreement does not seem to rule out the applicability

the boundary according to E¢p), we need temperature de- of the theory if we consider large ambiguity in the evaluation

pen%ences oA (T) andg(T). ForA(T), we simply assume  of physical parameters of this material and approximations in

thaf the theory.

)1/2 It is reported thatr has stronger temperature dependence

BZ

(6) belowT,,?® and it is naturally expected tha,’fy at tempera-
tures belowT., which is not experimentally accessible di-
where the magnetic field dependencedfT) is neglected rectly, has also a stronger temperature dependence than that
because the magnetic fields where the second sign reversalsove T..1” Assuming a steeper temperature dependence
occur are much smaller than the upper critical fB|d. For  than«T~3 for sz in Eq. (5), we obtain a better agreement
g(T), we adopt the two-fluid mod& as a simplest approxi- petween the theory and the measurement. However, we
mation, would not pursue this possibility further, because it is not
_ 4 sure whether the present stage of both the theory and the
g(M)=1—(T/T)" (7) . o . .
experimental determinations of basic constants of the physi-
It was observed that the Hall conductivity of the presentcal property of YBCO allow more quantitative comparison
sample in the normal state has an approximate temperatufetween the theory and the experiment.
dependence=T~%, as was reported for many other |y summary, the Hall effect of YB£uO, was measured
samples? Forsj, belowT;, we assume that the temperature ysing high current densities at temperatures down to 58 K,
dependence can be extrapolated from the normal state, amghd the second sign reversals were observed. The sign of the

A(T):l.74A0( 1-—

c

obtain, Hall effect does not depend on the current density and can be
defined unambiguously at each point oBaTl plane. The
s —3.75x 104 i (8) boundary of the sign of the Hall effect is qualitatively similar
* T for Y-, Bi-, and Tl-based highT. materials. This fact

. . . strongly indicates that the existence of the region of the
AF the Secogd sign reversal in small magnetic f'?lds' thenegative Hall effect is the very intrinsic property of high
relation (A /%) g=} ho_Id_s, anqur/ﬁ should be slightly  materials and should be explained without including the pin-
larger than 1. For simplicityAo7/# is fixed to be 1.1 rather g effect. Feigelmaret al’s theory can explain reasonably
arbitrarily in the calculation. Then the fitting parameter in\ a| the character of the boundary, but the quantitative

. 2 - .
Eq. (5 is only no(Ag/eg)®. The broken curve in Fig. 4 5qreement with the experiment is not satisfactory.
shows the boundary calculated according to &), where

no(Ao/eg)?=7x 10 is substituted. Widely accepted values  This work was partially supported by NEDO for R&D of
areny=10"1"22cm 33 and Aq/ep=0.1-0.2%2 Therefore, the Industrial Science and Technology Frontier Program.
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