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Abstract

In this dissertation, we presented the study on the mixed-state Hall effect o f high- 

Tc superconductors (HTSs). In order to understand the mechanisms o f the puzzling 

phenomena in the mixed-state Hall effect of HTSs, the Hall sign anomaly and scaling 

behavior, Hall measurements are conducted in several HTS thin films.

We investigate the mechanism of the sign reversal o f the Hall resistivity in Tl- 

2 2 0 1  films when the electronic band structure is varied through the underdoped, 

optimally doped, and overdoped regions. It is found that the Hall sign reversals are an 

intrinsic property of HTSs and determined by electronic band structure. Although 

pinning is not found to be the mechanism behind sign reversals, pinning can suppress 

the appearance of the Hall sign reversal. Therefore, it is concluded that two (or more) 

sign reversals are a generic behavior of HTSs.

From a systematic study of the vortex phase diagram, we discover several new 

features of the vortex liquid. In the presence of pinning, the vortex-liquid phase can 

be divided into two regions, a glassy liquid (GL) where vortices remain correlated as 

manifested in non-Ohmic resistivity, and a regular liquid (RL) where resistivity 

becomes Ohmic as vortices become uncorrelated. The field dependence o f the Hall 

angle is found to be linear in the RL and nonlinear in the GL. Generally the 

decoupling line (Hk-T), which is defined as a boundary between the GL and the RL, 

is lower than the depinning line (Hd-T). As pinning increases the Hk -T  may approach 

the Ha -T, thus vortices are decoupled and depinned nearly simultaneously. For a 

weak pinning system, on the other hand, the Hk -T  and the Hd-T  are well separated so 

that single vortices remain pinned in the region Hk < H  < Hd. The behavior o f is
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also investigated in the GL and the RL. In the GL is observed to strongly depend 

on pinning due to the inter-vortex correlation whereas in the RL is independent of 

pinning since the pinning effect is scaled out.

Byeongwon Kang, Ph. D.

Department o f Physics and Astronomy, 1998 

University of Kansas
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Chapter 1 

Introduction

The Hall effect in the mixed state o f high-Tc superconductors (HTSs) has been 

a topic o f  great interest in the fundamental research because it provides important 

information on vortex dynamics. There are two puzzling behaviors recognized; (1) 

the Hall resistivity (pxy) changes its sign once or twice upon cooling down from the 

normal state to the superconducting state, and (2 ) p ^  and the longitudinal resistivity 

(Pxx) show an unusual scaling behavior o f ~ p j*  at the onset o f resistivity. Since 

none of these features is expected within the standard models o f the flux motion such 

as the Bardeen-Stephen (BS) model [1] or the Nozieres-Vinen (NV) model [2], 

understanding o f these phenomena is o f primary importance in the study of vortex 

dynamics in the mixed state of HTSs. Despite great efforts attempted in both 

theoretical and experimental investigations, no consensus has been achieved.

1.1 Hall effect in the mixed-state of high-rc 
superconductors

The Hall sign anomaly (as shown in Fig. 1.1) has been observed in most 

HTSs[3-13] and even in low Tc superconductors (LTSs), such as Nb [14], MoGe/Ge

1
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Fig. 1.1: Hall resistivity vs. magnetic field at constant temperature between 84 and 93 K for 
polycrystalline YBCO sample (Ref. [3]). Note the sign change of Hall resistivity below Tc 
from positive to negative with decreasing field.

multilayers [15] and a-MoSi3 [16], while the number of the sign anomaly differs 

from system to system. Since all these superconductors have a large Ginzberg- 

Landau parameter (k = »  1), so-called type-II superconductors, the Hall sign

anomaly is regarded as a unique feature of the type-II superconductors. The first sign 

reversal always occurs near the transition temperature (Tc) while the second one 

usually appears at much lower temperatures for the relatively weak pinning systems 

such as Bi-, Tl- [5,6,10,11] and recently discovered Hg-based cuprates [13], It is 

generally believed that the sign reversal is due to vortex motion because charge 

carriers (electrons or holes) are not expected to change the sign at the normal to

2
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superconducting transition.

The puzzling scaling behavior between pxy and (Fig. 1.2) has been also 

observed as the relation of p ^  ~ p * / in most HTS, but with the different scaling 

exponent 1.5 < P  < 2 for various systems [10-12]. Originally the scaling behavior of 

p ^  against has been explained in terms of the general picture of the glassy scaling 

near the vortex-glass transition by Dorsey and Fisher [17]. They showed that p^. and 

Pxx should scale with a universal power, which was observed by Luo et al. [9] in 

YBCO films, further predicted that the nonlinear Hall electric field should scale with 

a universal power of current at the vortex-glass transition, later confirmed by 

Woltgens et al. [18].

0

B =3.7 T

 -2
_ x

- 2 ^ - 3
cr>
o
-  -4 ♦ ♦

5

- 61 1--------------------
-0.5 0.0 0.5 1.0 t.5 2.0

' ° 9  P a

Fig. 1.2: Log-log plot of |p^\ vs. pa obtained for temperature sweep at two magnetic field 

values. Note apparent \p„\ ~ pj* behavior with /? = 1.7 ± 0.2. Solid symbols for p„ < 0, 

open for p„ > 0 (Ref. [9]).

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 Theoretical models

Numerous mechanisms based on both intrinsic or extrinsic superconducting 

properties have been proposed to understand the mechanism of the Hall effect. 

Among them the models proposed by Vinokur, Geshkenbein, FeigePman and Blatter 

(VGFB) [19] and Wang, Dong and Ting (WDT) [20] have received much attention 

since these models seem to agree with most o f the experimental results. Besides these 

phenomenological models, important progress has been made recently on 

microscopic theories [2 1 ,2 2 ] which attracted attention since these theories provide 

much more quantitative descriptions of the Hall effect.

1.2.1 VGFB model

Based on a phenomenological model of force balance, Vinokur, Geshkenbein, 

FeigePman and Blatter (VGFB) [19] calculated the effect of pinning on pa  and 

from the force balance equation for an individual vortex line, which is obtained by 

balancing the Lorentz force (c/e)«sOo(v5 — v) x n with a drag force rjv + r j ' \  x n. In 

this expression vs and ns are superfluid velocity and the density of superconducting 

electrons, respectively, v is the average velocity of vortices, n is the unit vector along 

the vortex line, and <t>o = hc/2e (hereafter c = 1) is the flux quantum. The friction term 

7  comes from the dissipation in the normal core with the Bardeen-Stephen form 7  = 

OoHdlpn, where pn is the normal state resistivity. With consideration of interactions 

between vortices F,„u , pinning Fpin,i, and thermal noise Fr.„ the force balance equation 

for a given z'th vortex acquires the form

Tv, + asi x n = O0 j x n + FinU + Fpinj + F TJ (1.1)

Here j  = ens\ s is the transport current density and v, is the velocity of the vortex with 

respect to the crystal lattice. The coefficient a  determines the sign and the magnitude 

o f the Hall angle 0# via the relation tan 0# = cdrj. It is the particular behavior o f a

4
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that determines such an effect as the sign change of the Hall resistivity, however, the 

specific form of a  is irrelevant. It will be shown that pinning renormalizes the friction 

7  leaving the Hall coefficient a  unchanged.

On averaging Eq. (1.1) over disorder, thermal fluctuation and vortex positions 

one arrives at

7 V+ o v x n  = (Dojxn + (FPm.d ( 1 -2 )

where v denotes the average velocity of vortices. The averaged interaction force is 

zero due to Newton’s third law. In the discussion o f the resistivity scaling, a question 

is the direction of the averaged pinning force. The pinning force is the gradient of the 

random potential and this potential is determined by the relative positions o f the 

vortices with respect to the pins and is invariant under time reversal. Hence, the 

averaged pinning force is invariant under the reversal of the magnetic field. Then, 

after averaging the only vectorial quantity that characterizes the vortex motion is 

independent of the sign o f the magnetic field and is the vortex velocity v. Therefore 

pinning force can be written in the form

< F ^ f-) = -K « )v  ( 1 .3 )

where the coefficient y{d)> 0  can be in principle calculated by the summation of the

perturbation series. The above statement can be illustrated by the lowest order 

calculation in the perturbation expansion over the disorder potential:

( C .  > = ■- ( S 1̂ r >[“ <r -'>• ' ,  (rx - 1ru -  « ) )  (1 ••«>

where F(r) is the short range disorder potential, p(r) is the vortex core form factor, 

Upm(r,t) is the disorder induced displacement field of the vortex configuration and the 

summation is performed over the positions o f the vortex lines r_u. Straightforward 

calculation shows that the perpendicular to v terms cancel in Eq. (1.4). Hence the 

equation o f vortex motion is:

[ 7  + jiu)] v + ocv x n = fL (1.5)

5
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with = <Do j x n. It can be seen that pinning normalizes the friction coefficient y  

only, whereas the Hall conductivity a  remains unchanged. A solution to Eq. (1.5) is 

easily found as

Iv = •
r ( o )

1

1  a ~1 +  — T

- I  -

1--
- l«

1

r a  rf ,  f, xn
f(u )

(16 )

where y{v) = y(v) + rj. The Hall angle and the ratio a / y(u) are assumed to be very 

small and hence, the term of2/ p (u )  will be neglected with respect to 1. The electric 

field induced by the vortex motion is E = B x v and from Eq. (1.6), Ex = [50o / y{v)\ 

j ,  Ey — [affOo/ y^id)]]. For resistivity defined as p  = E / j  one immediately gets

p x y ^ p J a / B i D0 (1.7)

The main result of this analysis is that since the coefficient a  is nearly 

temperature and pinning independent, the Hall conductivity crxy (= Pxy/Pxx2) does not 

depend on disorder. This result is general to the regimes of flux flow, thermally 

assisted flux flow (TAFF) and vortex glass behavior (creep), regardless of the type of 

defects. The temperature dependence of pxy is determined by that o f p ^  and a. In 

particular the sign of p^- follows the sign of a. Regarding the origin of the sign 

change in pxy, one can conclude that the sign change is not related to the pinning and 

may even take place above Tc provided the magnetic field is low enough. In the 

vicinity o f the resistive onset where pinning is effective, p^x dominates the 

temperature dependence of yOxy since a  has a much weaker temperature dependence in 

this region. Consequently, the existence o f a second sign change depends on whether 

the pinning is strong enough as to suppress pxy before the second sign change occurs 

or afterwards. This explains in a natural way the occurrence of the double sign change 

in the strongly layered Bi- and Tl-compounds, where pinning is reduced due to the 

large anisotropy, whereas the second sign change in YBCO is suppressed by the 

stronger pinning.

6
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1.2.2 WDT model

The different number of the sign reversal observed for different systems leads 

one to believe that the sign reversal might be caused by the extrinsic property of 

HTSs such as pinning. Based on this idea, Wang, Dong and Ting (WDT) [20] 

developed a theory o f the flux motion including both pinning-induced backflow and 

thermal fluctuations in the standard BS model. Let us consider a moving flux carrying 

a quantum of flux Oo = hc/2e (hereafter c = 1) in the 2  direction (unit vector n). Then 

an equation of motion for the charge fluid inside the core of the rth flux in the 

presence of thermal fluctuation (per unit length in the z direction) is well established 

as

Fnan + Fin7W + F'Vo = (Vm/r) m 2 vncin ( 1 .8 )

where N  is the normal charge carrier density and r  is the momentum relaxation time 

o f charge carriers. The term (Nm/r) ita2 denotes the momentum dissipated

inside the normal core with vncii) the drift velocity of carriers. F‘%,-) is the force due to 

thermal fluctuations resulting from the random thermal motions of the normal charge 

carrier inside the core. At finite temperature, thermal fluctuations definitely exist. 

Especially for high Tc superconductors and when the temperature is not too far below 

Tc, the pinning energy could be comparatively low so that the thermal fluctuation 

plays a crucial role in assisting the motion of a flux within the TAFF and creep 

region. F"1̂ ,) and F„c((-) are the effective pinning and the external driving forces acting 

on the charge fluid inside the normal core.

F ncU) = .[>- N le E  +  e y nc ]</Q

where E and H are, respectively, local electric and magnetic fields, /io is the chemical 

potential in the absence of currents and fields, and Q' represents the volume o f the 

unit-length cylinder. Using the approach similar to that adopted in Ref. [23], in the 

presence of thermal fluctuations the force balance equation on a flux can be written as

7
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F(i) + Cfrag(j) + F7I0 + Fpm(0 — 0 (1.9)

where F^,) and Fpin̂  are, respectively, thermal noise and pinning force acting on the 

flux, F(j) = N e(\r -  v^/)) x d>o is the magnus force with NevT = J as the applied current 

along the .r direction, and fdragO) is the drag force which has the following form:

fdragu) = N esm  X O0-  Tjvm + cD0/?o (1 -  y) J - $ ,( 1 + 7) F/»<i(o * n (1.10)

where v^ 0 is the velocity of the flux line, f3o = /UmHC2 with /um being the mobility of 

the charge carrier and Hc> being the upper critical field, 77 is the usual viscous 

coefficient, y=  -  H/Hc2) with H  the average magnetic field over the core and y 

as the parameter describing the contact force on the surface o f core, which depends 

on temperature in the following way [23]: y~  0 (NV limit) for «  1 and y~  1 (BS 

limit) for £ f l > \  with £ and / as the superconducting coherence length and the mean 

free path of the carrier, respectively. In detail, Eq. (1.9) is rewritten as

rjVcpu) = Fi + Fpi„(0 + Fin)-/3o(l -  y)FL x n-/3o(l + y)Fpin(l-) x n (1.11)

where F  ̂= /  x O0 is the Lorentz force. Note that Eq. (1.11) is rigorously derived in 

terms of the well known normal core model, and the transverse term Fpin(/) x n is 

induced due to the backflow current inside the normal core, which constitutes the 

essential physics o f Wang and Ting (WT) theory [23]. Eq. (1.11) is the basic equation 

to describe the flux motion in the presence of thermal fluctuation and the pinning. In 

principle, the equation can be solved, i.e., vrt0(r) = ^ (F i, F ^ f ) ,  Fp^r)), at least by 

numerical calculations, but it is unnecessary to solve Eq. (1.11) in detail. Taking the 

time average on vrt0, i.e., (v&,-)), (t) = < *F(F^ Fp(0(0, FpmM) >„ Eq. (1.11) becomes

r/VL = Fl + (Fp)t - p d \  -  y )Fl x n -y%(l + y)  <Fpin))t x n (1 .1 2 )

where \ L = (v^/)), and (Fp), are, respectively, time averaged flux-motion velocity and

8
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pinning force. Although Eq. (1.12) seems to be similar to the case o f  neglecting the 

thermal fluctuations, the regime of the validity and the meaning for (Fp), are quite 

different from this without the thermal noise. In the absence of thermal noise, Fp is 

merely a space-average quantity, and so the flux can move if and only if  Fl > Fp (flux 

flow region), while in the present case, with the assistance of the force due to thermal 

fluctuations, flux moves as long as Fl > 0 (whole flux motion region). Here Fp is 

significantly different from (Fp), in the TAFF and creep region. By considering the 

fact that (Fp)t should be antiparallel to vL, i.e., (Fp>, = ~r(ui)v£ with -T(u/.) a 

positive scale function being generally dependent on ul (including temperature and 

pinning energy dependence) and Ft, it is straight forward to obtain

( I 1 3 »r- +p0(i+y)r-(uL)

A{r+A(i-r)r(ut)}
r3 +A!(i+f)2r!(ut) (U4)

where F- = r(u/.) + rj. Considering the experimental fact that the Hall 

angle 10//I = I t g x (uLx /u Ly ) | -  j80 «  I, then uLy « -  FL / f ,  and Ou * {fkFt 

I r 2){ /7(1 -  y) -  2 yRu,)}. In terms of the relationships p ^  = -v tyB  / J  and p ^  = 

VlxB / J  with B as the magnetic induction, it is easy to obtain

Av = (Po p J  / H 0 O) {rj{ 1 -  y ) -  2 y n ^ )}  (1.15)

Eq. (1.15) is the main result of the WDT model. From the above equation, it can be 

noticed that when y  = 0 (NV limit, usually in the low-temperature region for some 

superconductor), the scaling law p^- ~ /?«' holds strictly for J  dependence and works 

well for T dependence because r\ is independent of J, and is only weakly dependent 

on T  in the TAFF region as compared with the exponent dependence o f p** ~ e'Uo/kT. 

Although this result may seem to be similar to that in the VGFB model, it should be

9
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noted that the origin is totally different. If Eq. (1.11) is written in the form ijv^ + ccvv 

x n = Ft + Fpin + Ft [19], a  should be dependent on the pinning and uv explicitly. 

Only after renormalizing a  due to the pinning with the thermal fluctuation effect 

could it become J  independent and T weakly dependent in the NV limit. This is 

contrary to the starting point of the VGFB model in which a  is assumed to be 

“constant” and then is claimed not to be renormalized by the pinning. Second, when y 

~ 1 (BS limit: usually in a relatively higher temperature region), the negative Hall 

effect could automatically appear as long as the magnetic field is low enough and the 

pinning is not negligible. This model could also explain the double sign reversals 

observed in Bi-, Tl- and Hg-based cuprates. For a fixed magnetic field, by increasing 

temperature, there is an apparent reduction of pxy during its increase. If the field is 

low enough and the pinning is relatively strong, p^y will change its sign from positive 

to negative (the second sign reversal). As temperature further increases, the pinning 

will become less important, i.e., the second term is less than the first term in the 

bracket and the sign of p^. undergoes another change.

For the systems with weak pinning (such as BSCCO) there are two distinct 

regimes for the Hall scaling behavior in the region of y~  I. As T(l>l) «  tj H/Hc2 in 

the intermediate field, the scaling relation p ^  ~ A p J  with A being positive and 

approximately independent of field is still valid. With higher H, the observable 

scaling region may become widened. If the field is very low, however, there could 

exist a negative /^.region because of T(l>l) > tj H/Hc2 in which the scaling law with 

f3 « 2 does not hold well. On the other hand, for systems with strong pinning (such as 

YBCO), a vortex glass state may form near the low-temperature end T2 of the 

negative Hall region and pinning is dominant [i.e., T(ul) »  77 H/Hc2 for y~  1], Thus 

when T is near but a little bit above T2 and also close to the vortex-glass transition 

temperature Tg, rough estimation yields T(l>l) ~ Oi'm [19], which leads to 1.5. 

Therefore, depending on the pinning strength, various f t  ranges from 1.5 to 2 is 

expected.

10
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1.2.3 Microscopic theory: TDGL model

Recently significant progress has been made on microscopic theories. Based 

on the time-dependent Ginzburg-Landau (TDGL) equation, Dorsey [21] and Kopnin, 

Ivlev and Kalasky (KIK) [22] have independently calculated the Hall angle (0//) and 

Hall conductivity (<%). Since the results o f the calculation are very similar to each 

other, only the KIK model is described in the following.

In the KIK model, the TDGL theory is modified to account for two 

mechanisms responsible for the transverse voltage. The first is the usual effect of the 

magnetic field on the normal current and the second mechanism is the vortex traction 

by the superflow: the vortex has a velocity component parallel to the transport 

supercurrent. It gives rise to a Hall voltage since the average electric field is 

perpendicular to the vortex velocity v*.:

Eav = 1/c [B x V/.] (1.16)

The TDGL equation can be written in the form

(1.17)

(1-18)
c SA.

Here Fs„ is the condensation free energy of a superconductor,

4 1 ( 2e \  2 /V -  — A T  dV
2 m \  c

ji is the supercurrent,

Jj J in (1.20)

where j is the total current, and
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(1.21)

is the normal current. The constant y  is real; it controls the relaxation o f the order 

parameter ¥  to its equilibrium value.

It is known that the TDGL model in the form of Eqs. (1.17), (1.18), (1.20) and 

(1.21) does not describe the Hall effect: it only gives the longitudinal flux-flow 

conductivity <jf. To account for the Hall effect within the TDGL formalism, the most 

obvious modification would be to incorporate the Hall component into the normal 

current

where arnH is the normal-state Hall conductivity.

This contribution, however, is not the only one. In the dissipative flux-flow 

regime, vortices move perpendicular to the transport current, so that the averaged 

electric field, Eq. (1.16), induced in the superconductor is parallel to the transport 

current. On the other hand, in the ideal fluid, a vortex moves together with the flow; 

this vortex traction by the flow is the consequence of the Galilean invariance. For the 

TDGL model, there is no Galilean invariance since the condensate interacts strongly 

with the excitations which are at rest with the crystal lattice. However, some traces of 

the Galilean invariance can still exist: they can appear as a small imaginary part o f the 

relaxation constant y in  Eq. (1.17). Indeed, if y  were purely imaginary Eq. (1.17) 

would be a (nonlinear) Schrodinger equation which is Galilean invariant.

In the following the modified TDGL equations in the form of Eqs. (1.17),

(1.18), (1.20), (1.22) with a complex y  = y '+  iy"  is used. It will be shown that in the 

basis of a simple model of gapless superconductivity with the BCS pairing potential 

that the ratio £  = -y"/y/ is proportional to the energy derivative of the density of states 

at the Fermi level. It is of the relative order of TJEp, nevertheless, it plays a very 

important role for the Hall effect in the mixed-state of superconductors.

(1.22)

12
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To calculate the force on a vortex produced by its interaction with the 

thermostat, the free energy variation caused by the displacement of the vortex by an 

arbitrary vector d. The total free energy consists of the condensation energy o f Eq.

(1.19) and the magnetic energy

=  f (1.23)

The variation of the total free energy F  = Fsn + Fem is

S F =  | ( d . V ) 4 ' ^ -  + « .  + ( d V ) A ^ -  + :l - H ( V x [ ( d . V ) A D W  (1.24)

omitting the surface term. One obtains from Eqs. (1.17), (1.18), (1.19), and (1.20)

§F = (j -  y(d - V>F’(  —  + 2ietft'A  -  c.c. + — [(d • V)A]jB \dV (1.25)
\  \  dt J c )

The free energy variation in Eq. (1.25) is the work done by the force produced by 

excitations

SF = — d-f'exCL

where L is the length of vortices, being the force per unit length. If the integration 

in Eq. (1.25) is extended over the area So o f one unit cell in the vortex lattice, the 

force acting on one vortex can be obtained. This force should be balanced by the 

external Lorentz force from the transport supercurrent:

fexc+ <h!c U,r x n] = 0

Here n is the unit vector of the vortex calculation, and (f>o = hc/2e is the flux quantum. 

Therefore,

y ( 4 l ,  * " D =  J J  -H<1V>P'[ ^  + 2 ie t'V  -c r .+ ^ -[(d V )A ]j.
dt

<*n

c
dS (1.26)
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The scalar potential 0 in Eq. (1.26) appears as a result of the vortex motion; it is 

proportional to vl. It can be found from the equation which follows from the facts 

that V-j = 0, and

where x  is the phase of the order parameter. From Eq. (2) together with its complex 

conjugated equation one obtains

Here 0  = 0 +{l/2e)(d%ldt), and Q = A -  (c/2e)V%. The last two terms in the right- 

hand side of Eq. (1.28) are associated with the Hall effect. The term with a„H is

l>l, the time derivative d  /ck in Eqs. (1.26) and (1.28) can be replaced with -vl-V  

acting on variables describing a static vortex. Therefore, Eq. (1.26) contains either the 

known functions or the function O which can be found from Eq. (1.28). The 

boundary conditions for O require that: ( 1 ) 0  = 0 for large distances from the vortex, 

and (2 ) the scalar potential 0  is finite at the center of the vortex.

Let us consider superconductors with a large Ginzberg-Landau parameter k. 

In this case the term with the vector potential in Eq. (1.26) can be neglected. As a 

result we get

^■(<1 • [ j, X »]) -  M ( ( d  ■ V M X K  • V)|4-|)- ((d • v),r)2e<6|4f)

+ 2r'(((d-V)|4'[)2ed>|'P| + ((dV^)|>P|)((v1 V)|>P|))]dS (1.29)

(1.27)

obtained under the assumption that a„H oc H. For a slow vortex motion with a velocity

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For H  «  HC2 one can consider a single vortex. Let us introduce the cylindrical 

coordinate frame {p, <p, z) with the z-axis along the vortex. The magnitude of the 

order parameter l^l is a function of the distance from the vortex axis p, and its phase 

is just the azimuthal angle x  = <P- For a large re, the gauge invariant vector potential is 

Q = (0, - c/2ep, 0). Moreover, the estimates show that the normal-state contribution to 

the Hall current originating from Eq. (1.22) contains additional powers of both 1 Ik  

and (1 -  777V) as compared to the traction term. Therefore one can neglect the term 

with a„H in Eq. (1.28). If

m  = W ( / > )  d-30)

where 1%! is the equilibrium magnitude of the Ginzberg-Landau order parameter, and 

the normalized function/ satisfies the equation

+  (1.31)
 ̂dp- p d p  p - )

with/ =  0 at p  = 0 and f  —>1 for p  = oo. Here £ is the temperature-dependent coherence 

length. The gauge invariant scalar potential can be written as a sum of two terms, O = 

Oo + Oj, where

O0 = -  (vLq>/2e§ pdp), Oi = -  <%uip !2e£) p,{p) (1.32)

The function po satisfies the equation

f  p Q - u f p 0~ = Q (1.33)
r d 2f  x \ d f  f '  

dp2 p d p  p 2

with the boundary conditions po = 0 for p  —> oo and po = £jp for p  —> 0. Here u = 

S e - y ^ o l2/ ^  is the numerical factor equal to the ratio squared of 4 and the electron- 

field penetration length. For a weak pair breaking, zqTc »  1, the factor u = 5.79. For 

tqTc «  1 (high concentration of magnetic impurities) u = 1 2 . The term with Oo is the
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one which has been obtained earlier for purely dissipative flux flow. The new term pi 

satisfies the equation

J d ' f  1 d f  f )  r , c r d f
4 \  ~77r+~~T 2 Al^rfp p d p  p -J  dp

(1-34)

with the boundary conditions p/ = 0 for p  = 0 and p  -> oo. Collecting all the terms in 

Eq. (1.29) it can be obtained

i'r=7^r'\'¥o\2{a[nHx v I.]+sign(e)<;PvL)
Wo\

(1-35)

The sign o f the charge carriers appears since the unit vector o f  the vortex circulation 

and the unit vector of the magnetic field are coupled through n = sign(e)n#, the 

circulation o f the phase being chosen in Eq. (14) for the positive charge. The constant 

a  and /? are

! + / ! 'u " 1
K U p . *  J

dp (1.36)

From Eq. (1.16)

where

/  \ 
(i + ^ ° d f 2 / V ' l
I  4 J dp £ J

dp

j ,r = OfE + o f  ExDff 

aucr_ (  H cl x
°7  = B

is the well-known flux-flow conductivity and

H . . . GPucrn (  H cl \

is the Hall conductivity in the flux-flow regime.

(1.37)

(1-38)

(1-39)

(1.40)
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In the limit of high magnetic fields, HC2 -  H  «  HC2, one needs to solve the

linearlized TDGL equation with <f> = -E xx  - E yy. Assuming Ay = Bx, Ax = 0, one finds 

the solution within the first term in E:

This solution describes a slightly modified vortex lattice moving with the velocity \ l 

= (eEylB; -cEJB). The order-parameter magnitude can be found from the nonlinear 

GL equation. The coefficient C„ correspond to the Abrikosov vortex lattice with the 

parameter pA « 1.16. Aiter calculating the averaged total current using Eqs. (1.22) and 

(1.38) with

Let us calculate the imaginary part of the constant y  = y*+ iy" in the TDGL 

theory. It is well known that the TDGL equations can be derived microscopically only 

for gapless superconductors. For simplicity, let us consider the case of weak pair- 

braking, t0Tc »  1, where tq is a characteristic time for pair-braking time. It can be the 

spin-flip time, or the inelastic electron-phonon collision time. To be more specific, 

the pair-breaking by magnetic impurities is considered. It will be shown that the small 

correction y" is proportional to the energy derivative of the density of states at the 

Fermi level.

Within the BCS model of superconductivity, the equation for the order 

parameter has the form

^  = Y , C« exp[z'fe/i + 2eEyt)[y  + cExt / B)]
n

(1.42)

(1.43)
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A- ( k ) _  fz7 U  -   ̂ d 'P  d S
\g\ J (2 i t f  4m

where g  is the BCS pairing interaction and e± = s  ± co /2; p+ = p ± k/2. The total 

Green’s function is

^ . . , . ( P - .P j= f c f « .  ( p . .P - ) - ^ . , . ( P - - P - ) ] tanh( ^ :

+ ^ .,. ]+*?." (p-.p-) d-45)

The so-called anomalous function F(a) is found from the Dyson equation. Expansion 

in A is made assuming A To «  1 and A1TC «  I. The regular functions are

F f ' f  = G r 'Z y 'G ™  - k ° > - 2 e f i l y ' ^ - [ o r ' G « A'] (1.46)
2  o$p

plus third-order terms in A, where

~,u , = A s±( i /2 r )
e ±{ i / r0)

The function GqR(A> are the Green’s functions in the normal state:

/-!HA)  _____ 1_______________    1_____
0 gp +£\L(i/2r)

Here = sp -  £f, and ep is the quasiparticle spectrum while sf is the Fermi energy. 

Strictly speaking, the expression for A*M) has to be calculated including the 

corrections to the scattering process proportional to the derivative dvld p̂, as well. 

However, in the limit of a weak pair-breaking, tqTc »  1, the scattering times drop out 

of the relaxation constant /and  one can neglect these corrections.
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The impurity self-energies are

(1.47)

The self-energies Si and Y.2 are obtained from Eq. (1.47) by replacing G and F  

with G and F*, respectively. The scattering mean-free times define the spin-flip time

After inserting the total Green’s function in the form of Eq. (1.45) into Eq.

(1.44), the o>-independent terms in the right-hand side o f Eq. (1.45) give the 

variational derivative of the free energy respect to the order parameter, i.e., the usual 

Ginzberg-Landau part of Eq. (1.17). Within the first-order terms in A, the contribution 

to the total Green’s function proportional to co and <f> is

Here one has to take only the first term in Eq. (1.46) for the function FR(A>.

The self-energies Si and S are proportional to <f>. Let us consider only the first 

term with dAlct since <f> appears in a gauge-invariant way. One has to calculate the 

integral

The integral of the first term in Eq. (1.48) is always real. To find the imaginary

t0-‘ = { 2 t,)a - { 2 t2)a .

+— GqAGq cosh’ 2 —  + G*S, G0A + G*S, F A+ F RS, G A (1.48)
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contribution to the relaxation constant, it is necessary to take into account the energy 

independence o f the density of states v(£p). Since

one has

Jg 0* g > ( £ , ) dJp_= dv_
d4P

(2tt y  4m dt
7U i dv(o)f  l-t-zlY

STr 2v(0) a t ,
(1.49)

where X = |g| v(0) is the pairing constant. It appears due to the logarithmic divergence 

of the second term in Eq. (1.48). Comparing the two terms in the right-hand side of 

Eq. (1.49) one obtains the ratio of the imaginary and the real parts o f y :

y" AT
7TV(0)

dv(0 ) l + X
(1.50)

This model can be summarized as the following. The Hall conductivity (oiy) is 

decomposed into two terms:

f t  f
&xy &xy &xvxy (1.51)

where £%•" is the contribution of the quasiparticles inside the vortex core and c r j  is 

arising from the Magnus term due to vortex flow. Since the quasiparticle term axyn 

always has the same sign as in the normal state, sign reversal could occur when u j  

has an opposite sign to cr^". The sign of <yj depends on the sign of £  Within the BCS 

pairing model, £  is proportional to the energy derivative of the density o f states 

averaged over the Fermi surface. Therefore, the Hall conductivity could be negative if 

quasiparticles have a positive derivative (dv(Q)/*?<§,) and vice versa.
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1.3 Controversy in experimental investigation

1.3.1 Hall sign reversal

The Hall sign reversal has been observed in most HTSs but the details are 

system dependent. For example, RBaiCujOy-s (RBCO, R represents rare-earth) [3- 

9,12] and La2-xSrxCu0 4  (La-214, x < 0.2) [24], which are relatively strong pinning 

systems, show only one sign reversal while in the weak pinning systems such as Bi-, 

Tl-based cuprates, two sign reversals have been observed [5,6,10,11]. This led one to 

suspect that the sign reversal is caused by extrinsic effects such as disorders of 

pinning [20]. According to the WDT model, tan 0# (= Pxy/Pxx) or cr^(= px/pxx2) 

are expected to be more negative as the pinning strength is increased, which therefore 

makes the sign reversal more pronounced.

Experimental investigations of this model have been conducted by either 

increasing pinning in weak-pinning HTSs to suppress the second sign reversal, or by 

decreasing pinning in strong pinning HTSs to reveal the second sign reversal. The 

results, however, were inconsistent and thus inconclusive. Budhani et al. [10] 

observed on Tl2Ba2Ca2Cu3 0 io^ (Tl-2223) films that both sign reversals were 

diminished with increasing concentration of columnar defects produced by 276 MeV 

silver ions. Their results contradict the WDT model, but indicate that pinning is 

relevant to the Hall sign reversal. It should be noticed, however, that even though the 

disappearance o f the second sign reversal is expected from theory [19], the first sign 

reversal occurring near Tc in the flux flow region should not be affected by pinning. 

Considering a significantly low Tc ~ 105 K (compared to the bulk value o f  125 K) for 

their Tl-2223 film, the high-T behavior of resistivity could possibly be dominated by 

degradation of the weak links across grain boundaries during the ion-beam 

irradiation. Samoilov et al. [26] studied the Hall effect on Tl2Ba2CaCu2 0 g-s (Tl-2212) 

thin films and YBCO single crystals. By comparing pfy before and after a 2 Tesla 

dose (i.e., 1 0 u ions/cm2) of columnar defects were introduced into the sample they
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reported that the first sign reversal was unaffected by the increased pinning while the 

second (in Tl-2212) was shifted towards higher T, instead o f being diminished. 

Ideally, the second Hall sign reversal may be observable in single-crystal YBCO 

where pinning is negligible. The small crystal dimensions, however, prohibits 

accurate measurements of Hall effect when the signal becomes small near the 

resistive onset [26]. On the other hand, Kunchur et al. [25] used high pulsed current 

to suppress the pinning in YBCO thin films and found that the first sign reversal is 

even enhanced but the second sign reversal is still invisible. This finding suggests that 

pinning is not the mechanism for the first sign reversal that occurs immediately below 

Tc in YBCO. However, the results of these experiments do not necessarily exclude 

pinning as a possible mechanism for the second sign reversal in Bi-, Tl- and Hg-based 

HTSs since in none of them the pinning effective region can be clearly identified in 

the H-T phase diagram. Furthermore, the question of whether or not the observed 

number of the sign reversal in different systems is an intrinsic property of the material 

remains unanswered.

1.3.2 Scaling behavior and Hall conductivity

The puzzling scaling behavior as a form of Pxy~ p j  has also been observed 

in most HTSs, but with different exponent P  for different systems. There exist two 

controversial theories which seem to be successful in explaining the observed 

experimental results. Since the scaling behavior is usually observed near the onset of 

resistivity where pinning is quite effective, the WDT model [20] predicts the different 

scaling exponent ranging from 1.5 to 2, depending on the pinning strength. On the 

other hand, the VGFB model [19] concludes that p  should be ~ 2 in the regimes o f 

flux flow, thermally assisted flux flow (TAFF) and vortex glass behavior (creep), 

regardless of the type of defects. For the weak pinning systems, both models agree 

that p  should be ~ 2, and the experimental results observed in the BiaSriCaC^Os (Bi- 

2212) and Tl2Ba2CaCu2C>8 (Tl-2212) [10,11,26] are consistent with this prediction.
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On the other hand, the results in relatively strong pinning systems contradict each 

other, so which model gives the correct mechanism o f the scaling behavior remains 

controversial. In the YBCO system, p  has been observed in the range o f  1.5 to 1.7 

[9,12] which seems to be consistent with the WDT model. In addition, for 

YBCO/PBCO superlattices [27] and Hg-1212 films [13], magnetic field dependent p  

has been observed. It has been found that in the stronger field, the larger P  due to 

weaker pinning, which also supports this model. On the other hand, in the strongly 

pinned system of heavy ion irradiated TBCCO films, P  has been found as - 1 . 85  

[10], which is rather closer to the VFGB model than the WDT model.

Since cr^ can be expressed as oiy = Px/(Pxx2 + Pxy) = Pv/Pxl, another 

interesting question as to whether or not oiy depends on pinning o f the system is 

automatically raised. Samoilov et al. [26] showed that is nearly unchanged before 

and after columnar tracks were added by 5.6 GeV and 1 GeV Pb ion irradiation into 

YBCO crystal and Tl-2212 films, respectively, supporting the VGFB model. Almost 

the same experiment has been conducted on YBCO crystals with 740 MeV Xe and Sn 

ion irradiation by Kang et al. [12], Interestingly, they have found that before and after 

irradiation crr>. curves coincide at a high temperature region as in Ref. [26] and then 

diverge at a low temperature region near the onset of resistivity if is plotted as a 

function of reduced temperature (T/Tc). This result is consistent with the WDT model.

Besides this controversy, Smith et al. [28] have reported that cr̂ . is 

independent of pinning on the YBCO and a-MojSi films where pinning is varied by 

different current densities. In contrary, a clearly pinning dependent crxy has been 

found from a study o f angular dependence of cr^ in ion-irradiated YBCO films [29].

1.3.3 Scaling laws of

Besides the two puzzling phenomena, special attention has been focused on 

the scaling law of pxx since the dissipative flux motion is closely related to the flux 

pinning mechanism. Due to the considerably high thermal energy IcT near the
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Fig. 1.3: (Top) Hall conductivity of YBa2Cu30 7  crystals before and after irradiation dose of 
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superconducting transition of HTSs’, thermally activated flux motion plays an 

important role during the onset of finite resistance in the superconducting mixed state. 

This thermally activated flux motion is generally expressed as -  exp(-Ue / kT), 

therefore, the effective activation energy Ue, which measures the depth of the 

activation energy well, is a critical parameter for the interpretation of the thermally 

activated flux motion in the mixed state.

It is generally accepted that Ue scales as CJe (T, H) ~ (1 -  T/Tc )m g(H) for 

HTSs, where g(H) describes the field dependence. Different scaling laws, however, 

have been discovered for different HTS systems [5,7,30-33]. The YBCO system has 

been found to have m = 1.5 -1.8 and g(H) = 1 /H [7,30,31]. The same measurements 

on the Bi/Tl-2212 systems, however, revealed a different scaling behavior such as m 

- 1 . 0  and g(H) = 1 N h  [5,32,33]. One of the major discrepancies between YBCO and 

Bi/Tl-2212 is the dimensionality of the system which is inferred from the anisotropy 

of the electronic band structure. Since the dimensionality constrains the flux motion, 

it has been used as a key parameter to understand the observed different scaling 

behaviors in different HTSs. YBCO has been regarded as a three-dimensional-like

(3D-like) system due to its small effective mass anisotropy {y = yjme / mab = 5.5 

[34]}. On the other hand, Bi-2212 and Tl-2212 have been considered to be two- 

dimensional-like (2D-like) systems due to their much larger mass anisotropies such as 

y -  55 -  200 [35] and y -  100 -  300 [36], respectively.

Yeshurun and Malozmoff [37] and Tinkham [38] proposed a model for the 

less anisotropic YBCO system. They argued that for fields greater that 0.2Hc2, the 

relevant correlation length which is perpendicular to the field becomes the flux line 

spacing ao due to collective pinning effect. Ue is, thus, scaled as Ue «  Hc2ao2& ~ (1 -  

Tit c )3/2 / u  i which is consistent with the experimental results o f YBCO [30,31]. 

Nikolo et al. [33] use the same approach to explain the (1 -  T/Tc ) / V// dependence of 

the 2D-like Tl-2212 system. According to their argument, the vortex length along the 

c-axis scales as ao, the flux line spacing, at the low field and high temperature limit, 

and therefore vortex occupies a characteristic volume of £ao, where £ is the
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coherence length in the aft-plane. On the other hand, the model proposed by 

Geshkenbein et al. [39] and later extended by Vinokur et al. [40] associated the 

scaling behavior of the 2D-like Bi/Tl-2212 systems with the plastic deformation of 

the flux-line lattice at flux-line-lattice dislocations. They regarded Ue as the energy 

required to create a double-link configuration, which scales as Ue~ <f>ocio / £  °c (I -  

TITc) N H  near Tc.

Previous observations imply that the scaling laws are related with the 

dimensionality of the system. Recall that the dimensionality here is defined based on 

the anisotropy of the material. However, recent studies on ultra thin YBCO films with 

a thickness of 24 -  200 A, which is a 2D-like system, reveal a different scaling 

behavior from the above [41,42]. The exponent for the temperature scaling is m = 1.0 

- 1 . 2  which is consistent with the Bi/Tl-2212 systems whereas g(H) = -  InH  is 

different from the expected 1H H  law. These different results for different systems 

leave us a question as to what kind of scaling behavior a system with dimensionality 

between YBCO and Bi/Tl-2212 system would have.

1 . 4  M o t i v a t i o n

The discovery of HTSs has stimulated great interest in the vortex dynamics of 

these fascinating materials. Since the most important properties of HTSs, such as the 

critical current, are determined by vortex dynamics in the superconducting mixed 

state, the study of vortex dynamics has tremendous implications not only for 

fundamental research but also for potential applications of HTSs. Among many 

properties of HTSs, the mixed-state Hall effect provides very important information 

on vortex dynamics. Therefore, understanding the mixed-state Hall effect is of 

primary importance in understanding vortex dynamics o f HTSs. Despite tremendous 

efforts both in experiment and theory devoted to this subject, the controversies of 

earlier studies motivate us to do a comprehensive study o f the mixed-state Hall effect
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of HTSs.

Several issues remain controversial in the study of the mixed-state Hall effect. 

Among them, three important issues will be addressed in this thesis: (1) mechanism 

of the Hall sign reversals, whether it is an intrinsic or an extrinsic property of HTSs; 

(2) how vortex dissipative state is modified by the presence of pinning; and (3) how 

the vortex dissipation is reflected in the scaling law of pxx and Pxy.

The TDGL theory [21] suggests that the Hall sign is determined by the 

detailed electronic structure. Since electronic band structure can be perturbed by 

charge carrier doping, we measure the Hall effect in the samples with various charge 

doping levels in order to identify the mechanism of the Hall sign reversals. Anion 

(oxygen) doping is adopted because it may provide a change only in electronic band 

structure that is unlike cation doping used in earlier studies, and can be performed in 

the same sample, eliminating uncertainty from sample to sample. The Tl-2201 system 

is selected for this study since its charge carrier density can be continuously 

controlled from underdoped to overdoped regions by oxygen annealing. In addition, 

unlike the systems with one sign reversal that have been examined earlier, Tl-2201 

has two sign reversals in the mixed-state, so that the mechanism of the two sign 

reversals can be probed.

In order to investigate the effect of pinning on the vortex dissipative 

mechanism, fine control of pinning is required. Two ways are adopted in our study: 

(1) selecting two systems which have intrinsically different pinning; and (2) 

increasing pinning of a system using ion beam irradiation. For the first case, Tl-2212 

and Hg-1212 are selected as a weak pinning system and a moderate pinning system, 

respectively. For the second case, the pinning of Hg-1212 and Tl-2212 is tuned in a 

wide range by varying the concentration of the columnar defects generated by high- 

energy ion beam irradiation. We study the Hall effect on Hg-1212 as a function of 

columnar defects. This experiment is designed to examine if  enhanced pinning can 

cover the appearance of the second sign reversal as in YBCO. In addition, the effect 

of pinning on the H-, T-dependence of tan Qh and is examined quantitatively.
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Fitting the experimental data with the microscopic TDGL model without considering 

the effect of pinning, will enable us to define the boundary between pinning effective 

and pinning ineffective regions. After identification o f the two regions, the effect of 

pinning on the scaling behavior between pxy and P& (or <%) can be clarified by 

comparing o f samples with different pinning in the two regions.

The scaling law of pxx is examined by measuring pxx with sweeping magnetic 

field. This method is adopted because p a vs. H  plot reflects the change in vortex 

dissipation mechanism as the inter-vortex spacing varies systematically by sweeping 

magnetic field, while vs. T plot, which has been conventionally used in earlier 

studies, does not. Comparative study o t p ^ - H  measurements on various HTSs 

ranging from weak pinning (Tl-2212), moderate pinning (Hg-1212) and strong 

pinning (Hg-1212 with columnar defects) system could provide a quantitative pinning 

dependence of the scaling law of p^.

In chapter 2, a general introduction for the Hall effect measurement in a 

normal metal and in a high~rc superconductor is described. The two different 

fabrication processes of Hg-1212 thin films are also described. In addition, a 

description is given of an experimental set up used for the Hall measurement. In 

chapter 3, we investigated the doping dependence o f the Hall sign reversal on 

Tl2Ba2Cu06+8 thin films with anion doping. In chapter 4, the effect of pinning the 

Hall sign reversals is studied in Hg-1212 thin films with various pinning tuned by 

heavy ion irradiation. In chapter 5, we examine the scaling law of pa  in systems with 

various pinning. Based on the different behavior in pa,  the vortex-liquid phase is 

distinguished into two phases and the characteristics o f these phases are studied. The 

T- and //-dependence of tan 0# and c% in the two phases are compared in chapter 6. 

In chapter 7, the pinning dependence of in the two regions is examined in Tl-2212 

and Hg-1212 with columnar defects. Chapter 8 contains summary of conclusions and 

future experiment proposal is presented in chapter 9.
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Chapter 2 

Measurement of Hall Effect

2 . 1  H a l l  e f f e c t  i n  n o r m a l  m e t a l

The Hall effect employs crossed electric and magnetic fields to obtain 

information on the sign and mobility of the charge carriers. The experimental

AV,

Fig. 2.1: Experimental arrangement for Hall effect measurements. The figure is drawn for 
negative charge carriers (electrons).
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(b)(a)

(d)(c)

Fig. 2.2: Charge carrier motion and transverse electric field direction for the Hall effect 
experimental arrangement of Fig. 2.1. Positive charge carriers deflect as indicated in (a) and 
produce the transverse electric field Ex shown in (c). The corresponding deflection and 
resulting electric field for negative charge carries are sketched in (b) and (d). respectively.

arrangement illustrated in Fig. 2.1 shows a magnetic field Bo applies in the 

r-direction perpendicular to a slab and a battery that establishes an electric field Ey in 

the _y-direction that causes a current I  = JA to flow, where J  = nev is the current 

density. The Lorentz force

F = qv x B0 (2.1)

of the magnetic field on each moving charge q is in the positive x-direction for both 

positive and negative charge carriers, as shown in Fig. 2.2(a) and 2.2(b), respectively. 

This causes a charge separation to build up on the sides o f  the plate, which produces 

an electric field Ex perpendicular to the directions of the current (y) and magnetic 

fields (z). The induced electric field is in the negative x-direction for positive q, and in
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the positive x-direction for negative q, as shown in Figs. 2.2(c) and 2.2(d),

respectively. After the charge separation has built up, the electric force qEx balances

the magnetic force qv x Bo,

qEx = qv x B0 (2.2)

and the charge carrier q proceed along the wire.

The Hall coefficient Rh is defined as a ratio,

Rh = (2.3)
J y B z

Substituting the expressions for J and Ex from Eq. (2.2) in Eq. (2.3) we obtain for 

holes (q = e) and electrons (q = —e), respectively,

Rh = —  (holes) 
ne

R = ~ l  (electrons) (2.4)
ne

where the sign of Rh is determined by the sign of the charges. The Hall angle 0# is 

defined by

tan 0H =~  (2-5)
y

Sometimes the dimensionless Hall number is reported,

Hall # = - ^ — (2.6)
RHe

where V0 is the volume per chemical formula unit. Thus the Hall effect distinguishes 

electrons from holes, and when all o f the charge carriers are the same this experiment

provides the charge carrier density n. When both positive and negative charge carriers

are present, partial (or total) cancellation of their Hall effect occurs.

The mobility /u is the charge carrier drift velocity per unit electric field,
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and with the aid of Eqs. (2.1), (2.4) we can write

(2.8)
p  nep

where the Hall mobility pn  is the mobility determined by a Hall effect measurement. 

It is a valid measure o f the mobility (2.7) if  only one type o f charge carrier is present.

By Ohm’s law, the resistivity is the ratio of the applied electric field in the 

direction of current flow to the current density,

In the presence of a magnetic field, this expression is written as

where pm is called the transverse magnetoresistivity. There is also a longitudinal 

magnetoresistivity defined when E and B0 are parallel. For the present case the 

resistivity does not depend of the applied field, so pm = p. For very high magnetic 

fields pm and p  can be different, In the superconducting state pm arises from the 

movement of quantized magnetic flux lines, so that it can be called the flux flow 

resistivity p̂ _ Finally, the Hall effect resistivity is defined by [43]

The Hall effect provides information on the sign, concentration, and mobility 

of charge carriers in the normal state, with a positive sign for the Hall coefficient Rh 

= EJJBq = ± line o f Eqs. (2.3) and (2.4) indicating that the majority carriers are

(2 .10)

(2 .11)

2 . 2  H a i l  e f f e c t  i n  h i g h - r c s u p e r c o n d u c t o r
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holes. In the superconducting state, the Hall voltage arises from the electric field 

induced by flux motion.

2.2.1 Normal-state Hall effect

The most important result that has been obtained from the Hall effect 

measurement above Tc is that the charge carriers in the copper-oxide planes o f most 

of the high-temperature superconductors are holes. Included in this group are the La-, 

Y-, Bi-, T1-, and Hg-based compounds. The major exception is compounds with the 

Nd2Cu0 4  structures and their charge carriers are electron-like.

It is easy to explain on the basis of chemical considerations as to why the La-, 

and Y-compounds are hole-like [44]. Replacing a La3+ by a Sr2+ without changing 

oxygen content can convert a Cu2+ to Cu3+ on one of the CuC>2 planes, which is the 

same thing as introducing a hole in a plane. The stoichiometric YBa2Cu3C>7 

compound has an average Cu charge of 2.33, corresponding to one Cu3+ and two Cu2+ 

ions, so there is already one trivalent copper ion to contribute a hole. It has also been 

suggested that the hole might exist on oxygen, corresponding to the ion O'. From a 

band structure viewpoint it can be said that the hole is in an oxygen 2p band.

In contrast, an electron superconductor can be created by doping with a cation 

having a higher carrier, such as substituting Ce4+ for Nd3+ in (Ndi.xCex>2Cu0 4 , or 

substituting a trivalent rare earth such as R = Gd3+ for Ca2+ in the compound TICai. 

x/?xSr2Cu20, perhaps to convert Cu2+ to Cu+' or add an electron to the conduction 

band.

2.2.2 Mixed-state Hall effect

In type-II superconductors, in which most high-rc superconductors belong to, 

an applied magnetic field Bapp penetrates a superconductor in the mixed-state, Bci < 

Bapp < BC2. Penetration occurs in the form o f tubes, called vortices, which serve to
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confine the flux. The highest field is in the core, which has a radius of 

superconducting coherence length £  The core is surrounded by a region o f larger 

radius X within which magnetic flux and screening currents flowing around the core 

are present together. The current density Js o f these shielding current decays with 

distance from the core in an approximately exponential manner.

When transport current flows in the presence of an applied magnetic field, the 

vortices arising from the field interact with the current. This interaction can lead to 

vortex motion and heat dissipation, and the result is a resistive term called flux-flow 

resistance. It is a type o f magnetoresistance, and limits the achievable critical current 

in many samples.

When the Lorentz force J  x Oo exceeds the pinning force

|J x O0| > Fp (2.12)

where O0 is the quantum o f flux, the vortices move with the velocity v# in accordance 

with the equation of motion

J  x O0 - a  nse  (v^ x O0) (dv/dt) (2.13)

where m$ is the effective mass per unit length o f the vortex. The vortex velocity is 

limited by the frictional drag force f5 while the Magnus force a  nse (v^ x Oo) shifts 

the direction of this motion through an angle 0^ away from the direction 

perpendicular to J ,  as shown in Fig. 2.3.

By Faraday’s law, the motion of the vortices transverse to the current density 

induces a time-averaged macroscopic electric field E, which is given by

E = - v^ x B,  (2.14)

as indicated in Fig. 2.3, where B,„ is the average internal field due to the presence of 

the vortices. The component of this electric field Ey along the current flow direction 

Ey = E cos 9^ shown in Fig. 2.4, produces a voltage drop along this direction. The 

other component of the induced electric field perpendicular to the direction of the
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Fig. 2.3: Electric field E induced by the motion 

of a vortex d>0 moving a velocity through 

an applied magnetic field Bapp directed upward 

from the page. The vectors E. v„. and BapP are 
mutually perpendicular.

Fig. 2.4: Resolution of the induced electric 

field of Fig.2.3 into components transverse 
( Ex) and longitudinal ( Ey) to the current 

density direction (J).

current, Ex = E  sin 0* produces a Hall-efFect voltage. The Hall resistivity p*y defined 

by (2 . 1 1 )

P xy E J  Jy

is close to zero for very low applied fields in the mixed state below Tc and negative 

for intermediate fields. Thereafter, it becomes positive and increases linearly with 

further increases in field.

2.3 Experimental preparation

2.3.1 Film fabrication
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In this thesis, various HTS thin films, such as HgBa2CaCu2C>6 (Hg-I212), 

Tl2Ba2CaCu2C>7 (Tl-2212), and Tl2Ba2Cu06 (Tl-2201), have been used for the Hall 

measurement. The fabrication process for Tl-2212 and Tl-2201 films are described in 

Ref. [45] and Ref. [46] in detail, respectively. In the following, the synthesis of Hg- 

1212 films is described. For the last few years, we have developed two different 

processes to obtain high quality Hg-1212 thin films: thermal-reaction process with 

fast temperature ramping annealing (FTRA) and newly developed cation-exchange 

process.

Thermal-reaction process with FTKA

It is well known that the Hg-based superconducting phases, like Tl-based 

superconducting phases, is formed through a solid/vapor reaction during annealing 

[47,48]. This reaction could happen in a carefully controlled Hg atmosphere at a 

precise temperature and O2 partial pressure when a precursor sample is sealed in a 

quartz tube together with an unreacted stoichiometric pellet of Hg-based cuprates. 

The much more volatile nature of Hg-compounds than Tl-compound, however, has 

caused tremendous difficulty in fabrication of Hg-based cuprates thin films. For 

example, HgO decomposes at around 500 °C and Hg ion then reacts with Ca in the 

precursor to form an impurity phase HgCaC>2 which degrades the superconducting 

properties of the thin film significantly. As a result, poor reproducibility has been 

found in the existing two-step process used for fabrication of Hg-based cuprates thin 

films. Moreover, only SrTi0 3  substrates have been used previously for the growth of 

the Hg-based thin films because SrTiCh substrates are chemically stable in the 

presence of Hg-vapor while they have severe disadvantages of high cost, less 

availability with large size, and poor microwave properties. Even though high-quality 

films of other high~rc superconductors have been obtained on LaAlC>3 substrates, 

which has much lower-cost, large size availability and excellent microwave 

properties, poor quality Hg-based thin films are obtained by using the same procedure 

as that for SrTi0 3  substrates [49]. A major reason is that the chemical stability of
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LaA103  is not as good as SrTiOs at high temperatures in the presence of Hg-vapor, so 

chemical reactions and interdiffusion near the film/substrate interface may seriously 

degrade the superconducting properties of the film.

A solution to the above problems is to reduce the period of high temperature 

Hg-vapor processing. In the conventional annealing process previously used for Hg- 

based cuprates, the sample temperature is increased slowly (4-6 hours) to the 

annealing temperature (780 - 860 °C) in order to maintain a phase equilibrium and the 

annealing temperature to form the superconducting phase. The slow heating thus 

makes the high temperature annealing above 500 °C unnecessarily long, worsening 

the problems of CaHgCh impurity formation, and film/substrate interface chemical 

reaction and interdiffusion. By adopting a FTRA process, considerable progress has 

been made. Instead o f using a slow heating rate during the Hg-vapor annealing, the 

precursor films are brought to annealing temperature in a short period ranging from 1 

minute to a few tens of minutes. The two problems mentioned above have been 

effectively reduced and high-quality Hg-1212 films can be fabricated reproducibly 

via the FTRA process.

The film fabrication process is composed o f three steps: deposition o f non- 

Hg-containing rare-earth copper precursor films, high temperature Hg-vapor 

annealing, and low temperature oxygen annealing. The precursor films were 

deposited at room temperature in a r f  magnetron sputtering system. In our 

experiment, a stoichiometric target of composition Ba2CaCu2 0 x was used. Substrates 

were mounted in the on-axis configuration to the magnetron sputtering gun. The 

sputtering pressure o f the Ar gas was 50 -70 mTorr.

The precursor films are amorphous and insulating and thus need to be 

annealed at high temperatures and controlled Hg-vapor pressure to form a 

superconducting phase. We encapsulated the precursor films together with bulk 

pellets into a quartz tube to achieve the Hg-vapor pressure, which is necessary for the 

superconducting Hg-1212 phase. Two bulk pellets were used: a non-Hg-containing 

rare-earth copper precursor (Ba2CaCu2 0 x) pellet and a Hg-containing stoichiometric
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pellet (HgBa2CaCu2Ox). The mass ratio of non-Hg-containing pellet to stoichiometric 

pellet is approximately 1 to 3. To increase local Hg-vapor pressure effectively, a 

precursor film is placed in close proximity to the Hg-containing stoichiometric pellet 

used as a Hg source. The sealed sample is then quickly heated with a rate of -50 

°C/min to 780 -  810 °C and kept at this temperature for period ranging from 30 

minutes to I hour before being quenched with a cooling rate of 2.5 °C/min.

After high temperature Hg-vapor annealing, the samples are annealed between 

300 -  400 °C with a slow heating rate (2.5 °C/min) in 0 2 atmosphere in order to 

compensate possible 0 2 deficiency of the samples when fast temperature ramping rate 

and short period o f annealing is adopted.

800 °C/ 30 - 60 min.

40-50 °C/mii

T,room

2.5 °C/min

room

Fig. 2.5: Diagram of FRTA process

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cation-exchange process 1491

In conventional thermal-reaction process [50-54], a mixture o f simple oxides 

of Hg, Ba, Ca, and Cu (precursor) is reacted at high temperatures o f 750 -  860 °C, in 

controlled high Hg-vapor pressure of 5 -  10 atmospheres to form Hg-based HTSs. 

Even though high TcS and high critical current densities (JcS) on Hg-HTSs have been 

reported, there are technical difficulties in obtaining epitaxial growth of Hg-HTS thin 

films. First of all, it is nearly impossible to accurately control the processing 

parameters, such as Hg-vapor pressure due to the high volatile nature of the Hg-based 

compounds. This results in typically multiple superconducting phases plus significant 

amount of non-superconducting impurities in Hg-HTS samples, which substantially 

degrades the sample quality. Second, Hg vapor reacts with most metals as well as 

oxides, which prohibits epitaxial growth of Hg-HTS thin films on most 

technologically compatible substrates. Even on few chemically stable substrates such 

as SrTiC>3, serious film/substrates interface chemical diffusion was observed [54]. 

Consequently, most Hg-HTS films have to be made with fairly large thickness in the 

order o f I fan and most o f them are c-oriented uniaxial films with rough surface. 

Finally, the precursors are extremely sensitive to air. As short as a few second air 

exposure of the precursor may result in severely degraded samples. Even with special 

sample handling, such as the use of dry-box, sample reproducibility is poor which 

prevents any practical application of Hg-HTSs.

In order to circumvent these difficulties, we recently developed a novel 

cation-exchange technique, which is composed of two steps: selection of a precursor 

matrix with pre-designed structure and composition followed by cation-exchange 

processing. In the cation-exchange process, the precursor matrices are chosen to have 

a similar structure and composition to that of the target material and should have at 

least one weakly bonded cation to be replaced later by another cation to form the 

target material. When the weakly bonded cation is perturbed via different methods 

such as thermal heating o f light/particle-beam irradiation, it will vibrate around the 

equilibrium site where the Gibbs free energy is minimized. The spatial deflection of
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this cation is proportional to the energy of perturbation. When the threshold 

perturbation energy (U,/,) is reached, at which the deflection of the original cation is 

comparable to the lattice constant, the precursor matrix may collapse due to escape of 

the cation. In the cation-exchange process, however, the perturbation energy is 

maintained to be close to but below U,h so that the precursor matrix is well kept while 

the original cation is slowly escaping. If the vapor of another cation is provided for 

replacement, the overwhelming population of this cation induces the replacement of 

the original cation with a new cation, and the target material is formed.

Based on this concept of the cation exchange, TlBa2CaCu2 0 7  (Tl-1212) was 

selected as a matrix for HgBa2CaCu20 6  (Hg-1212). Tl-1212 and Hg-1212 have 

nearly the same structure while Tl-1212 is much less volatile, insensitive to air, and 

thus easy to be grown epitaxially on many single-crystal substrates [39]. Tl-1212 is 

also a superconductor with its Tc ranging 9 0 -9 4  K  which is ~ 30 K  lower than that 

of Hg-1212. Since the U,h for Tl-1212 is estimated to be 800 - 820 °C in air, the 

processing temperature for Tl/Hg exchange (7//g) was chosen slightly below 800 °C. 

The thickness of the precursor is in the range of 150 -  200 nm. Two bulk pellets, 

HgBa2CaCu2 0 x and Ba2CaCu2 0 x with the mass ratio 3:1 and total weight o f 1.7 ~ 2.0 

g, were sealed together with the precursor Tl-1212 film to control Hg-vapor pressure

Different Pf/gS were obtained by using different weights of HgO in the 

HgBa2CaCu2 0 x pellet while leaving the other ingredients unchanged. For all Hg-1212 

samples, superconducting transition occurs at -  115 AT, an increase of near 30 K  over 

that of the precursor Tl-1212 film, indicating that Hg-1212 phase was formed through 

the Tl/Hg exchange. No second superconducting transition was observed on the Hg- 

1212 films, which implies that the remains of Tl-1212 phase are negligible under the 

processing condition used.

The precursor matrix may have a different structure from that o f the target 

compound and may have more than one weakly-bonded cations to be replaced. One 

such example is the use of superconducting Tl2Ba2CaCu2 0 g (Tl-2212) films as the 

matrices for Hg-1212 films. Tl-2212 has two identical Tl-O layers so that Uth ~  785 -
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Ingredients Convent‘ona^ . Target material 
p r o c ess

Precursor matrix Pat'on~exchan9e^  j arget material
p r o c e s s

Fig. 2.6. Schematic diagram of (a) conventional thermal-reaction process; and (2) cation- 
exchange process
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800 °C is assumed to be the same for the two 77 cations. Two films processed in 

different conditions, one at Tng = 700 °C for 12  hours and the other at Tng = 780 °C 

for 3 hours, show similar crystalline structures and superconducting properties 

indicating that the precursor Tl-2212 films were fully converted to Hg-1212 films in 

both cases. The XRD spectrum of the two precursor Tl-2212 films confirms that the 

Tl-2212 precursor film is c-axis oriented with a lattice constant o f c -  2.93 nm while 

the resulting Hg-1212 films remain c-axis oriented but with a different lattice constant 

of c ~ 1.27 nm. This suggests that one unit cell of Tl-2212 splits into two unit cells of 

Hg-1212 during Tl/Hg exchange, accompanied by lattice shrink in c-axis by ~ 13 %. 

The measurement of film thickness with Rutherford back scattering (RBS) confirmed 

the reduction of film thickness from -  300 nm for the Tl-2212 precursor film to ~ 260 

nm for the two Hg-1212 films. This yields 13.3 % thickness reduction, agreeing well 

with the XRD data.

The quality of the sample made in cation-exchange process is superior to that 

made in the conventional process. Hg-1212 thin films synthesized at optimized 

conditions are all nearly pure phase and show high TcS o f 120 - 124 K  which are the 

same as the best reported for Hg-1212. Much higher 7^, however, have been obtained 

on the films made by using cation exchange. These Hg-1212 films (with a thickness 

around 200 -300 nm) have their JcS typically in the range o f 1-2 MA/cm2 at 100 K 

and self field. Jc ~ 0.8 MA/cm2 at 110 AT observed on the two films is nearly an order 

of magnitude higher than the best value previously reported on Hg-1212 thin films 

[56]. Such improvement on sample quality can be attributed to the high-quality 

epitaxy achieved on the films made in the cation-doping exchange process.

2.3.2 Experimental setup

Fig. 2.7 shows the experimental set up used for measuring the Hall effect. A 

Keithly 220 current source produces an oscillating Recurrent to eliminate offset 

signals. Applied current is 1 —4 mA, which can give a current density ranging 200 -
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Fig. 2.7: Schematic diagram of the experimental setup used for the Hall effect measurements.
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250 A/cm2. Temperature is measured by a Lakeshore Cemox sensor placed at the top 

o f the sample stage and in close proximity to the sample to probe the temperature of 

the sample as accurately as possible. The uncertainty of the Cemox sensor at 

temperature range from 20 to 300 K and in field up to 0 -  19 Tesla is less than 0.05 % 

and temperature is controlled by a Lakeshore DRC91CA temperature controller.

The longitudinal voltage (Va) is measured from the voltage drop of terminals 

4 and 5, and Hall voltage (F*y) is from the terminal 1 and the point between 4 and 5. 

A potentiometer finds an equipotential point of the terminal 1 in-between terminal 4 

and 5 before a magnetic field is applied. In order to eliminate a temperature mismatch 

between the and they are measured simultaneously by a Hewlett Packard 

HP34420A two-channel nanovoltmeter. The pxy is calculated from the antisymmetric 

part of the under the magnetic field reversal. This measurement is conducted in a 

Janis 8  T superconducting magnet, in which a pair o f split Helmholtz coils produces a 

magnetic field uniform to 0.1 % within a I” spherical volume. A FW Bell BHT-921 

cryogenic Hall sensor is installed in the sample stage with the surface of the sensor 

being parallel to an applied magnetic field to determine the magnetic field inside the 

magnet precisely.

The temperature controller, the current source, the nanovoltmeter, and the 

superconducting magnet power supply are controlled by a personal computer via 

EEEE-488 bus. The data acquisition is completely automated, enabling us to measure 

the Va  and V ,̂ for many fields and temperatures at a  fixed current density.
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Chapter 3 

Mechanism of Hall Sign Reversals

Since the first observation of the Hall sign reversal in YBCO [3], numerous 

models based on both intrinsic and extrinsic mechanisms have been proposed to 

explain this puzzling phenomenon. The experimental results [25,26], however, 

exclude pinning from a possible mechanism of the Hall sign reversals. This leads us 

to believe that the Hall sign reversal is an intrinsic property of HTSs in the mixed 

state. In order to prove this hypothesis, the relation between the Hall sign reversal and 

electronic band structure, which can be perturbed by charge carrier doping, is 

examined. In this chapter, we present the results of the Hall effect measurements on 

Tl-2201 films with different oxygen doping level.

3.1 Correlation between Hall sign reversal and 

electronic band structure

Recently, a phenomenological theory based on the time-dependent Ginzburg- 

Landau (TDGL) equation [21,22,57] and a microscopic theory [58] attracted much 

attention since they relate the Hall sign reversal directly to the electronic band 

structure. In the frame of these two theories, the Hall conductivity (oiy) is
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decomposed into two terms such as cr„ = a + g J ,  where oiy” is the contribution of 

the quasiparticles inside the vortex core, a j ,  arising from the Magnus term due to 

vortex flow, is determined by the electronic band structure according to both TDGL 

[22,57] and microscopic theories [58]. Since <7*/ always has the same sign as in the 

normal state and is positive (hole-like) for HTSs, sign reversal could occur only when 

o j  is negative. Calculations from the TDGL equation [22,57] suggest that a j  ~ 

dN(0)/dfi, where N(0) is the density of states (DOS) at the Fermi surface and p. is the 

Fermi energy. Based on BCS theory, dN(0)/d/i is positive in the underdoped region, 

where the hole concentration (/!*) is below its optimal value (n*"p,)> and negative in 

the overdoped region where ra* > rihpt. Accordingly the Hall sign anomaly is expected 

only in the overdoped region. It should be noticed that the same conclusion was 

reached also by microscopic calculation. Aronov, Hikami and Larkin (AHL) [58] 

have shown that a j  ~ sgn(^)<9 InTJd In/x, where sgn(e) is the sign of the carrier, 

namely “positive” for holes and “negative” for electrons. In the case of holes 

(electrons) as charge carriers, /x increases (decreases) monotonically with rif, in both 

the underdoped and overdoped region [59,60]. On the other hand, Tc shows a bell- 

shape dependence on nh with its maximum (Tcopl) staying at nhopt. Consequently, o j  

is positive in the underdoped region and negative in the overdoped region. This 

implies that the Hall sign anomaly should occur only in the overdoped region, as 

concluded from the TDGL calculation, and it will be switched “o ff’ as the charge 

carrier doping enters the underdoped region from the optimal doping level. In 

addition, both TDGL and microscopic calculations suggest a possible, complicated 

temperature dependence of o j ,  which may result in more than one sign change in the 

Hall effect. In fact, two sign reversals have been observed in Bi-, T1-, and Hg-based 

HTSs [5,6,10,12,26],

Examination of the theory requires measurements of the Hall effect when the 

electronic band structure of the superconductor is perturbed via charge carrier doping. 

The key point is to show that the Hall sign anomaly can be switched “on” and “o ff’
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when the system is switched between underdoped and overdoped sides and the 

triggering point is near the n.hpt. Two ways may be pursued to drive the system from 

the underdoped to the overdoped region: cation doping (ion substitution) or anion 

(oxygen) doping. Few experimental results were reported on the Hall effect of the 

overdoped samples due to low availability of overdoped HTS samples. Recently, 

Matsuda et al. [24] and Nagaoka et al. [61] studied the Hall effect in cation-doped 

La2-xSrxCu0 4 (x = 0 .1, 0.15, 0.2, 0.24 and 0.28) and Yi.xCaxBa2Cu3 0 y (x = 0, 0.1, 0.2 

and 0.4). Inconsistent with theory, the Hall sign anomaly was observed in 

underdoped, optimally-doped and partially in overdoped region. In other words, 

switching “on” or “off’ of the Hall sign anomaly does not occur near nhopt. In fact, the 

Hall sign anomaly disappears only for the heavily overdoped samples (TJTcop' < 0.7). 

For sligthly overdoped samples with Tc ~ 0.9 Tcopt, the Hall anomaly has been found 

to be sample dependent. It should be mentioned that, unlike anion doping, cation 

doping has been found to cause additional effects on the electronic band structure 

besides the change in charge carrier density [62]. If these additional effects are 

responsible for the shift of the switching point from Tcapt to -  0.7 Tcopt on the 

overdoped side, anion doping will be more favorable since only the change in charge 

carrier density will be produced upon doping. In addition, anion doping can be 

performed on the same sample by annealing oxygen in or out, eliminating uncertainty 

from sample to sample typically seen in the cation doping case. In fact, anion doping 

has been attempted by Nagaoka et al. [61] on the I^SrgCuOe+s (Bi-2201) system. 

They examined three samples, one with TJTcopt = 0.6 in the underdoped region and 

two overdoped samples with TJTcpt = 0.57 and 0.17, respectively. All of these 

doping levels are far from the nhpt value. Though it is similar to that for cation doping 

case, this result is inconclusive in terms of confirmation of the theory. In addition, 

since all the systems examined show only one sign reversal, the experimental test on 

the system with two sign reversals is necessary to explore the mechanism for both 

Hall sign reversals.
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3.2 Experimental details

ThBaiCuOe+s (Tl-2201) thin film is an ideal system for such a study. The TJ'pc 

is 83 K and Tc can be reduced continuously and reversibly close to 0 K in both 

underdoped and overdoped regions by changing the excess oxygen content 8  in the 

range of 0  to 0 .1  as shown in Fig. 3.1 [63]. 8  can be estimated from Tc values using a 

nearly linear relationship reported by Shimakawa et al. [62] and the optimum doping 

is realized at 8 = 0.01. The Hall measurements clearly demonstrate that the hole 

carriers are doped by the excess oxygen [64]. Unlike the systems previously studied in 

the cation doping cases, Tl-2201 shows two sign reversals. The study of the Hall 

effect on Tl-2201 thin films with different oxygen contents will allow investigation of 

(1) correlation between the Hall sign anomaly and the electronic band structure 

modified only via charge carrier concentration; and (2) the mechanism of the two Hall 

sign reversals. In this paper, we present the experimental study of the Hall effect on 

Tl-2201 thin films with different oxygen contents.

C-axis oriented Tl-2201 films with different oxygen contents (underdoped, 

optimally doped and overdoped) were prepared on SrTiC>3 (100) substrates by rf 

magnetron sputtering technique. The detailed fabrication process and the physical 

properties of the films are described elsewhere [48,65]. Briefly, four heavily 

overdoped films were fabricated in the same batch and then annealed in Ar for 

different periods to reach different 8 ’s with two optimally doped, one underdoped 

and one overdoped. Mid-transition Tcs of the underdoped, optimally doped and 

overdoped samples were 81.4 K, 82 K and 71.5 K, and the estimated S 's  are < 0.01, 

0.01 and -0.025, respectively. For the underdoped and optimally doped samples, 

their TcS are very close each other, though significantly different annealing conditions 

such as 485 "Cx 8  hrs. and 435 "Cx 7 hr s., were used, respectively. Since Tc is very 

sensitive to the oxygen level, it may be possible that these two samples are in nearly 

optimally doped region, one in slightly underdoped region and the other in slightly
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Fig. 3.1: Schematic phase diagram of Tl-2201 films as a function of doping concentration 

(Ref. [92]). The annealing temperature and time for each point are: 1 - as grown; 2 - 360 °C 

for 20 min; 3 - 360 °C for 40 min; 4 - 360 °C for 1 hour; 5 - 380 °C for 7 hr; 6  - 410 °C for 7 

hr and 7 - 440 °C for 7 hr. The solid symbols indicate the samples used in this experiment.

overdoped region. We labeled the former “underdoped” and the latter “optimally 

doped” to distinguish these two results despite their close TcS. These films of ~ 350 

nm thickness have typical dimension of 5 x 10 mm2. pxy and the longitudinal 

resistivity (pxr) were measured simultaneously by a two-channel nanovoltmeter 

(HP34420A) in an 8  T  superconducting magnet system using the standard five-probe 

dc method. The magnetic field was applied parallel to the c-axis of the films, and 

was calculated from the antisymmetric part of the Hall voltage under the magnetic 

field reversal. The current density used for these measurements was -  240 A/cm2.
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3.3 Doping dependence of Hall sign reversals

Fig. 3.2 shows the temperature dependence of for the optimally doped 

sample. Two sign reversals can be clearly seen at the field of H — IT . At higher 

fields, a dip near Tc and a peak at lower temperature are observed as the trace 

of two sign reversals. The general pattern of Pxy observed in the optimally doped Tl- 

2 2 0 1 , including the two sign reversals and the temperature-dependence/field- 

dependence of p™, qualitatively resembles that for Bi-, Tl- and Hg-based cuprates 

previously reported [5,6,10,12,26]. The second sign reversal, however, can be

0.05

4 T
-  0.00

-0.05-
1.0 T 2 T

- 0.10
60 8070

=L 0.5
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0.4 T

0.0
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T (K)

Fig. 3.2: The temperature dependence of p„ for the optimally doped Tl-2201 sample at 
different magnetic fields. Two sign reversals are observed at H  = 1 T. Inset: the magnified 

plot of p„ vs. temperature at H  =  0.4 T and 1.0 T, respectively. The second sign reversal is 
suppressed by relatively strong pinning at H = 0.4 T.
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suppressed at very low field, as shown in the inset of Fig. 3.2 for H  = 0.4 T. This can 

be explained by the fact that the pinning of the system at H  = 0.4 T is much stronger 

than that at H  = 1 T. Consequently, the second sign reversal is suppressed by pinning, 

as proposed by Vinokur et al. [19]. The first Hall sign reversal near Tc, however, 

remains at all the fields used up to 8  T.

In Fig. 3.3, the normalized p^. is plotted as a function of the reduced 

temperature (T/Tc) for the underdoped, optimally doped and overdoped samples at 

H  = I T. In order to compare for samples with difference in Tc, the figure is

0.6
H = 1 T

overdoped ■
0.4

©<nco
3 k
X 0.2

C L

underdoped>s
XQ-

0.0

- 0.2 optimally doped

0.70.6 0.8 0.9 1.0 1.1

T /T c

Fig. 3.3: The normalized p„ vs. TITC for different oxygen levels at H = 1 T. Two sign 
reversals observed in the underdoped and optimally doped samples disappear in the 
overdoped sample.
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presented in a function of the reduced temperature (T/Tc) rather than in a real 

temperature. Two sign reversals can be observed for both underdoped and optimally 

doped samples, but not for the overdoped sample. In other words, when the sample is 

overdoped, p„ goes monotonically to zero with decreasing temperature without 

experiencing any sign change in the superconducting mixed state. This confirms 

experimentally, for the first time, that both two Hall sign reversals are determined 

by electronic band structure as suggested by the TDGL and microscopic theories. 

Moreover, since the underdoped and overdoped samples used for this experiment 

have Tcs very close to Tcnpt {T<JT"pt is 0.99 for underdoped and 0.85 for overdoped), 

this experiment clearly shows that the Hall sign anomaly can be switched “on” or 

“off’, depending on whether nh < nh"pt or tih > nh"pt. This differs from the results in 

cation doping experiments where this boundary was shifted to the heavily doped 

region at Tc/T j,pl -  0.7. As we argued earlier, this shift may be caused by the excess 

change in the electronic band structure in the cation doping case.

It should be pointed out that the occurrence of the Hall sign anomaly in the 

underdoped region disagrees with the prediction of the TDGL and microscopic 

theories, which would be otherwise successful in the interpretation of this experiment. 

This discrepancy between experiment and theory has also been recognized by 

Nagaoka et al. [61] and they attributed it to the failure of the simple 5-wave weak 

coupling theory and suggested to consider the contribution of the vortex core in d- 

wave superconductors. However, it has been demonstrated [6 6 ] that from moderately 

clean systems to dirty systems, which most of the existing HTS systems are regarded 

as, the mechanism of vortex motion in a d-wave system remains qualitatively the 

same as that in an 5-wave system. A simple d-wave consideration is thus not adequate 

to explain this discrepancy. It has been realized that the consideration of 5-wave or d- 

wave causes a significant difference in the Hall effect in the superclean limit (//£ »  

fJJA), but so far only “60 K” YBCO has been reported as a superclean d-wave 

superconductor [67] at T -  0 K and high applied magnetic field.
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Based on cation and anion doping experiments for the systems with one sign 

reversal, it has been argued that the Hall sign is simply electron-like in the 

underdoped region and hole-like in the overdoped region [61]. Our experiment 

indicates that the electronic band structure in the superconducting state might be 

complicated. Since the Hall sign changes twice, it is electron-like at relatively high 

temperature (near Tc) and hole-like at lower temperature. As we argued earlier, two 

or more sign reversals may be a generic characteristic of HTSs. The Hall sign, 

therefore, may be either hole-like or electron-like in the underdoped region instead of 

being simply electron-like, suggesting a very complicated temperature/field 

dependence of the Fermi surface structure.

3.4 //-dependence of oxy

Examination of the field dependence of the cr*y reveals further discrepancy between 

theory and experiment. According to the TDGL theory and the microscopic theory, 

<Jxy(H) may be decomposed into three terms [21,22,68]; axy(H) = CJH + C2 + CjH. 

The MH term from a j dominates at low fields, while the H  term from cr*/ dominates 

in high fields. The field-independent term is negligible for less anisotropic systems 

[12,69], but supersedes the third term for highly anisotropic systems [70]. The field 

dependence of cr^ for different doping levels is plotted in Fig. 3.4 and the dashed 

line depicts the theoretical fitting. At relatively high fields, the data can be fitted well 

by the theory. In the low-field limit, however, there exists a threshold Hk(T) below 

which the data deviate systematically from the fitting. The deviation of the data from 

the theory at H  < //* may be caused by the effect of strong pinning since pinning is 

not considered in the theory.

The inconsistency of the TDGL and microscopic theories with experiment 

indicates that either significant modification for the current theory or development of
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Fig. 3.4: The field dependence of o„ for different doping levels: (a) underdoped, (b) 
optimally doped and (c) overdoped samples. The dashed lines are the fits of the theory.
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new theory is necessary to understand the Hall effect in the mixed state of HTSs. This 

experiment hence sets forth several criteria for the theory. First, the Hall sign anomaly 

is an intrinsic property of HTSs and is determined by electronic band structure. 

Second, the sign reversals occur only in the underdoped side and should be switched 

“off’ when the system enters the overdoped region. Third, there is more than one sign 

reversal originating from the same mechanism. Fourth, the Hall sign may be 

either hole-like or electron-like in the superconducting state when the sample is 

underdoped.
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Chapter 4 

Effect of Pinning on Hall Sign Reversals

In the previous chapter, it is found that the two sign reversals observed in Tl- 

2 2 0 1  films have the same mechanism and determined by electronic band structure. 

Since the observed number of the sign reversal in Pxy differs from system to system, 

for example, one sign reversal in strong pinning system such as YBCO and two sign 

reversals in moderate to weak pinning systems such as Bi-, T1-, and Hg-based HTS 

cuprates, an immediate question is then what determines the appearance of the second 

sign reversal in p^-.

Based on a phenomenological model, Vinokur et al. (VGFB) [19] proposed a 

general expression for in HTSs:

Pxy = p J f  (4.1)

w here/is a function of T and p ^  changes sign when/ changes sign. Even though the 

explicit form of /  is unknown, /  is predicted to be independent o f pinning. In the 

vicinity of the resistive onset where pinning is effective, Pxx dominates the T- 

dependence of p ^  since /  has a much weaker f-dependence in this region. 

Consequently, the features o f /  could be suppressed near the resistive onset. 

Considering that the resistive onset increases with pinning whereas /  is pinning 

independent, it is thus suspected that the invisible second Hall sign reversal in a 

strong pinning system, such as YBCO, is due to a higher resistive onset in the system
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[19].
Experimental investigations followed immediately by either increasing 

pinning in weak-pinning HTSs to suppress the second sign reversal [10,11,12,26], or 

by removing pinning in strong-pinning HTSs to uncover the second sign reversal 

[25,26]. The results, however, were inconsistent each other and thus inconclusive to 

confirm this model. In addition, these results cannot be used to exclude the existence 

o f the second sign reversal since it is not clear where the transition from “pinned” to 

“unpinned” vortex phases occurs in the H-T-J phase diagram and whether the second 

sign reversal remains in the “pinned” region.

In chapter 3, it is observed that the theoretical fitting of of Tl-2201 does 

not work below the threshold field H^T), indicating that pinning is very effective in 

this region. Motivated by this result, we systematically studied the effect o f pinning 

on the Hall sign reversals. In this chapter, the results of Hall measurement on Hg- 

1 2 1 2  films while magnetic flux pinning is modified by addition of columnar defects 

are presented.

4.1 Experimental details

High-quality epitaxial c-axis oriented Hg-1212 films were prepared on (100) 

SrTiC>3 substrates by r f  magnetron sputtering technique. The Hg-1212 films were 

fabricated by conventional thermal-reaction process with fast temperature ramping 

annealing (FTRA) as described in chapter 2 [49,54], Three Hg-1212 films made from 

the same batch were used in this experiment. These films have Tc in the range o f 123- 

124 K, with 2-3 K  transition width in zero magnetic field and the zero-field critical 

current density at 77 K  above 2xl06 A/cm2. The films of about 800 nm thickness have 

atypical dimension of 6  x 4 mm2. Five electrical contacts were made on each sample 

by sputtering about 100 nm thick Ag  through a mask. The samples were then annealed 

at 350 °C for 20 minutes in flowing O2 to insure low contact resistance, pxx and
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were measured simultaneously by a two-channel nanovoltmeter (HP34420A) in an 8 

T  superconducting magnet system using the standard five-probe dc method. The 

magnetic field was applied parallel to the c-axis of the Hg-1212 films.

Typical current density used for these measurements was -  250 A/cm2. Before 

irradiation, one film was studied thoroughly for comparison with films irradiated by 5 

G eVXe-ion beam at the National Superconducting Cyclotron Laboratory at Michigan 

State University. The Xe beam was directed along the normal o f the films which were 

kept at room temperature. No beam heating was expected. According to previous 

studies, linear tracks o f amorphous and insulating material (columnar defects) were 

generated, which then act as the magnetic flux pinning centers. These columnar 

defects have diameter of - 6 - 1 0  nm and are parallel to the c-axis o f the film. The 

irradiation doses were 0.5 x 1011, 1.0 x 10n and 1.5 x 1011 ionsJem2. The numbers of 

defects thus generated are equivalent to the matching fields of B$ = 1 T ,2 T  and 3 T, 

respectively, assuming one flux quantum per columnar defect. No degradation of the 

sample was observed after the irradiation.

4.2 //-dependence of tan 0#

Two Hall sign reversals can be observed in tan Qh as shown in Fig. 4.1 on the 

pristine Hg-1212 films. The arrow 7* (//) on each curve, shown as the solid circles 

in the inset of Fig. 4.1, divides the vortex-liquid phase into two regions where tan Qh 

shows different behaviors. Above the arrow, tan Qh is linearly proportional to H  and 

below the arrow tan Qh shows very complicated field dependence. The linear in

dependence of the Hall angle is a typical normal-state behavior. This suggests that 

pinning is negligible above 7* (if).

Neglecting the effect of pinning, Dorsey [21] and Kopnin, Ivlev, and Kalasky 

(KIK) [22] calculated tan Qh by means o f the TDGL theory [71,72]. They found that 

tan Qh can be decomposed into two terms:
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tan Qh (T, H) = tan 0„ (T, H) + tan 9^(7) (4.2)

where tan 0„ (T, H) is field-dependent and originates from the contribution of vortex 

normal cores and tan QM (7) is the field-independent Magnus term. Since tan 9 ^  (7) = 

0 in the normal state, tan Qn(T,H) can be obtained from the normal-state Hall effect 

measurement on Hg-1212, which suggests tan Q„(T,H) -  AH / I 2 [73]. In our 

experiment, A = 39.5 for the Hg-1212 thin film. Since the tan 0„ (T, H) is positive for 

HTSs, the Hall sign reversal is due to tan Qm (7). In Fig. 4.2, tan Qm = tan Qh — tan 0„ 

is plotted as function of T at different applied fields using the data in Fig. 4.1. Above 

Tc, tan Q\f is zero as expected from the theory. Below Tc, tan 0^  is negative at higher 

T's and swings to positive at T < 108K, corresponding to the two sign changes 

observed in tan Qh. Above 7*, all tan Qm curves measured at different fields coincide, 

consistent with the KIK model [Eq. (4.2)]. Even though an explicit form for tan 0^

B =0T0.12

S =1T

8.=0T V i0.08
I

80C
CO 5.5 T
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4T
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8060 100 120 140
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Fig. 4.1 Tan QH vs. T plots for Hg-1212 films at different magnetic fields. The inset shows 

Hk-T  curves at B+ = 0 and 1 T, respectively.
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(7) is yet available, this result confirms that the two Hall sign reversals have the 

same mechanism as observed in the anion doping study on Tl-2201 films [74]. 

Moreover, the result on Tl-2201 films also indicates, as predicted by the KUC model, 

that the Hall sign reversals are directly associated with the change o f electronic band 

structure near the Fermi surface [22] and thus are an generic property o f HTSs. 

More than two sign reversals, therefore, could be expected if band structure is 

modified by ion doping. Actually the third sign reversal has been observed in Zn- 

doped (0.4% and 0.6%) Bi-2212 films [75]. However, it is not clear yet whether this 

third sign reversal is caused by modified band structure or the formation o f impurity 

phases due to doping. Further investigation is necessary to probe the details.

0.12

B = 0 T

0.08

5.5 T
0.04cCD 4T
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0.00

-0.04

60 80 120100 140
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Fig. 4.2: Tan 0W vs. T curves for a Hg-1212 film at different applied fields. The dashed line 

represents the field-independent part in tan 0 ,w.
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Above Tk, tan 9h has a linear //-dependence through the normal-core 

term tan 0„. Near 7* (which is marked by the arrows in Fig. 4.2) the tan 0W - T  curve 

starts to deviate from the main trend indicating a nonlinear //-dependence o f tan 0 # 

below H  -  Tk where pinning sets in. It should be mentioned that fitting of 

experimental data with the KIK model was only attempted previously on YBCO films 

[25]. Tan Qm (T) in YBCO was shown to be field independent near Tc, which agrees 

with our experiment. A complicate field dependence was observed in tan 0^ (7) at 

slightly lower temperatures in YBCO, which was not fully understood due to the lack 

of knowledge on flux motion.

4.3 Pinning dependence of Hall sign reversals

After the columnar defects are added to the sample, pinning is enhanced. 

Consequently, the H -  7* curve is shifted to higher T  and H  (see the solid triangles in 

the inset o f Fig. 4.1). If the second Hall sign reversal is not very far from 7* and if the 

applied field H  is less than or comparable to the matching field B#, this shift could be 

so dramatic that the second sign reversal falls into the pinning effective region. Such 

an example can be found in Fig. 4.1 for tan 0# - T  at H  = 1 T. The second Hall sign 

reversal occurs at T -  110 K which is only 2-3 K above the 7*. After irradiation of 

= 1 T, the Tk was moved to — 117K as shown in Fig. 4.3. Even though the second sign 

change is still visible, the tan 0# - T curve becomes fussy below Tk. Upon further 

increase o f the pinning, for example at B# = 3 T, the second Hall sign reversal 

disappears (Fig. 4.4). In other words, sign reversals existing in the GL region could be 

diminished by pinning as predicted earlier by VGFB model [19]. On the other hand, 

the first Hall sign reversal and the Pxy- T curve above Tk are nearly unaffected by the 

pinning increase as shown in Fig. 4.4. This contradicts with the earlier results on Tl- 

2223 films [10] where both sign reversals disappeared when the pinning was 

increased. Our result, however, agrees well with others on YBCO and Tl-2212
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[25,26]. Since the first sign reversal occurs near Tc where pinning is not important, 

other effects, such as degradation of weak links between superconducting grains 

during the ion beam irradiation, need to be considered. Furthermore, it is not difficult 

to see from Fig. 4.4 that the pxy- T curve for Hg-1212 film with 5^ = 3 T looks the 

same as that for YBCO. One may argue that the second sign reversal is invisible in 

YBCO because o f the strong intrinsic pinning in YBCO. Recently the second sign 

reversal is observed in YBCO films by suppressing pinning using high current 

densities o f the order of 106 A/cm2 [76]. This confirms our arguments that two (or 

more) Hall sign reversals are generic to most HTSs and the appearance o f the sign 

reversals may be affected by pinning. On the other hand, the result o f Ref. [76]

0.12 8T B = 1 T

6T«x  0.08
CD

4T>
0.04

2T
0.00

60 80 100 120 140
T (K)

Fig. 4.3: Tan QH as function of T for Hg-1212 films after irradiated by 5 GeVXc ions for B+ = 
1 T dose.

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H = 1 T

■ 8 . = 0T

Fig. 4.4: p„ as function of T for Hg-1212 films at different columnar defect concentrations of 

fi^ = 0, 1 f  and 3 T, respectively. The applied field is 1 T.

suggested that the Hall sign reversals might occur in the vortex-solid state, contrary to 

the current theories, which predict the Hall sign reversals occur only in the vortex- 

liquid region. From the studies on the Hall sign of Tl-2201 films [74], we have also 

found several discrepancies from the theories. Therefore, further investigations both 

in theory and experiment are necessary to clarify the existence o f the Hall sign 

reversals in the vortex-solid state.
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Chapter 5 

Vortex-Liquid Phase Diagram

In chapter 3 and 4, it is observed that both in Tl-2201 and Hg-1212 systems, 

tan Qff and <Jxy fit well with the TDGL model only above the H k -T  curve and deviate 

from the theoretical fitting below the H k - T  curve. Since the effect of pinning is not 

considered in the TDGL model, this result suggests that in the vortex-liquid phase, 

there exists the region in which pinning is very significant. A thorough study of the 

vortex-liquid phase is thus necessary to understand the puzzling mixed-state Hall 

effect. In this chapter, we present a systematic study of the vortex-liquid phase 

diagram of HTS thin films.

5.1 Inter-vortex correlation in dirty superconductor

The observation of vortex lattice melting in “clean” or “pinning-free” high-T 

superconductors (HTSs) has stimulated an extensive investigation of the vortex phase 

diagram [77]. The key signature of the phase transition (melting) from vortex lattice 

to vortex liquid is a sharp drop in resistivity and magnetization combined with a 

hysteretic trace, suggesting a first-order phase transition across the melting line [78- 

84]. Theoretical support for the existence of such a first-order melting transition has 

been found in numerical simulations, showing a clear hysteretic behavior and finite
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latent heat as the temperature is varied across the melting line [85].

The vortex phase diagram becomes much more complicated in 

superconductors with disorders, due to the existence of the magnetic flux pinning. On 

the vortex solid side, pinning randomizes the distribution of vortices, resulting in a 

vortex-glass phase in which the long-range order of the vortices is destroyed [8 6 ]. 

Since different types of disorder may affect the vortex system in a different way, it is 

not surprising to see different vortex-glass phases showing fine differences in their 

physical properties. For example, for a HTS with correlated disorders in the forms of 

twin boundaries, grain boundaries or columnar defects, Nelson and Vinokur [87] 

predict a new solid phase, “Bose-glass”, at low temperatures with localized vortex 

lines and an infinite tilt modulus. Experimental support for the existence of this new 

phase has been reported by several groups on heavy-ion irradiated YBCO single 

crystals [88,89].

The vortex glass melts into a vortex liquid via a dramatically different route 

from that for a vortex-lattice. The nature of this transition is not yet fully understood. 

First of all, the signature of the first-order phase transition disappears. A high-order 

phase transition is hence suggested by a smooth transition in resistivity and 

magnetization [90], reported both on twinned [79] and electron irradiated untwinned 

YBCO crystals [81,82]. It is well known that vortices in the “clean” superconductor 

become completely uncorrelated upon melting as confirmed in strictly Ohmic I-V  

characteristics in the vortex liquid [79,91,92], In the presence of pinning, however, 

this process may be different. For example, in twinned YBCO crystals and films, non- 

Ohmic behavior in longitudinal resistivity (Pxx), Hall resistivity (p.ty) and I-V  

characteristic have been reported by several groups [9,18,93,94]. This non-linear I-V  

characteristics in vortex liquid phase was attributed, in the vortex-glass (VG) model 

[8 6 ], to the coexistence of correlated and uncorrelated single vortices above the 

vortex glass-liquid transition (Hg -T). It is argued that when the applied current density 

CJ) is below /,*, only single vortices could be driven to move, resulting in an Ohmic 

response. When J  > Jxh, the response becomes non-Ohmic due to the dissipation of
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correlated vortices. Since this inter-vortex correlation is induced by pinning, a 

crossover from correlated to uncorrelated vortex-liquid phase is expected at higher 

field and temperature, at which pinning becomes ineffective. Questions are then 

raised as to where the crossover is, how it correlates with pinning, and to what extent 

the dissipation mechanisms differ in the two vortex-liquid states. The answers to such 

questions are of primary importance to the understanding of vortex dynamics in 

practical superconductors with strong pinning.

5.2 Experimental details

Measurement of p.a and pry in a sweeping magnetic field is an effective way to 

probe the transition between a correlated and an uncorrelated vortex-liquid. In the 

correlated liquid, locally ordered vortex bundles may exist around the pinning site. 

The inter-vortex distance (a0) in the bundles decreases monotonically as the applied 

field increases. On the transition line, the ao becomes comparable with the thermally 

induced vortex lateral displacement, resulting in complete destruction of the vortex 

ordering. In this chapter, I present experimental results of Pxx and p ^  measurements 

with sweeping magnetic fields. Several systems were chosen ranging from weak 

pinning (Tl-2212 film), moderate pinning (Hg-1212 films) and strong pinning (Hg- 

1212 films with columnar defects). This experiment allows a direct investigation on 

( 1) the crossover from correlated to uncorrelated vortex-liquid state; (2 ) the 

correlation of such a crossover with pinning; and (3) dissipation mechanisms in both 

correlated and uncorrelated vortex liquids.

High-quality c-oriented HgBaoCaCuoOs+s (Hg-1212) and TbBaiCaCuiOg-g 

(Tl-2212) thin films were used for this experiment. The Hg-1212 films were 

fabricated by the recently developed cation-exchange method as described in chapter 

2 [95]. The detailed fabrication process of Tl-2212 films has been described
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elsewhere [47]. The films with 0.24-0.28 pun thickness were patterned using standard 

photolithography techniques to form 20-50 pm wide bridges. pa  was measured using 

a standard four-probe configuration with a current of I pA , which gives a current 

density of about 8  and 25 A/cm2 for Hg-1212 and Tl-2212 films, respectively. 

Magnetic field was applied along the c-axis of the samples in a 5.5 T SQUID 

magnetometer. The Hall measurement was performed only on Hg-1212 films, and 

Pxy were measured simultaneously by a two-channel nano-voltmeter (HP34420A) 

using a standard five-probe dc method. Typical current densities used for the Hall 

measurements were ~ 250 A/cm2. Irradiation was conducted at the National 

Superconducting Cyclotron Laboratory at Michigan State University. Before the 

irradiation, one sample was studied thoroughly for comparison with films irradiated 

by 5 GeV Xe ions. The Xe-ion beam was directed along the c-axis so that the defects 

are parallel to the applied field. The irradiation dose was 5 x 1010 ions/cm2 which are 

equivalent to the matching field of 5* = 1 T, the field at which the density of vortices 

and defects are equal.

5.3 Scaling law of pxx

Fig. 5.1 shows the field dependence of p o f  Hg-1212 thin films at several 

temperatures below Tt. Since activated behavior is expected, p „  is fitted by p.ct -  

exp{-U/T) with Ue representing activation energy. For most HTSs, Ue(T, H) -  U0( 1- 

T/TL)mH'a is reported [5,7,30-33] with m ranging from 1.0 to 1.5 and a from 0.5 to 1.0 

for YBCO [7,30,31] and Bi/Tl-compound [5,32,33], respectively. For Hg-1212 films, 

m = 1.0 and a = 0.5 were found in the field range of 0.05 T -  5 T. The scaling law of 

Ue is discussed in detail in chapter 6 . By plotting log p** as a function of iWH, the 

Uo (which is proportional to the height of the activation energy barrier) can be
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Fig. 5.1: log p„ as a function of 1 N h  for Hg-1212 films at different temperatures. The dotted 

lines are the fits of data at a high field region. The dashed line depicts the depinning line and 

the solid line is the Hk -T curve (decoupling line). Inset: U0 vs. H plot at the same 
temperatures in the main panel.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



obtained from the slope of the curve for each temperature. In Fig. 5.1, it is clearly 

shown that each curve consists of two parts separated by a kink (defined as Hk). 

Uo shows dramatically different behaviors above and below the H k as detailed in the 

inset of Fig. 5.1. At H >  Hk, Uo is independent of field while for H  <  Hk, U0 increases 

rapidly with decreasing field by nearly an order of magnitude, indicating differing 

dissipation mechanisms in these two regions. Similar results were observed on 

twinned YBCO crystals [7], where Hk was identified as a crossover field from 

activated motion (H  <  Hk) to diffusive motion (H  > Hk).

In a weakly pinned vortex liquid, a constant Uo is expected in the thermally 

assisted flux flow (TAFF) region [40]. This seems to be supported by early 

experiments on HTSs [5,32,33], where a constant Uo was extracted from the p ^  vs. T  

measurements at constant fields. On the melting line, Uo (as well as Ue) 

increases abruptly to infinite when the vortex liquid freezes into the vortex 

solid, where vortices become strongly correlated. The gradual increase of Uo with 

decreasing field as in the case of Hg-1212 films suggests that vortices may remain 

correlated within a finite band H* < H  <  Hk, defining the onset field of p** as H* [96]. 

Consequently, local ordering of the vortices may exist near the pinning centers and 

the distribution of vortices is highly non-uniform inside this band.

In the region H* < H  < Hk, Pxx shows a strong current dependence as shown in 

Fig. 5.2. At H  >  Hk, all log p** curves at different currents coincide nicely, indicating 

Ohmic behavior in this region. In contrast, non-Ohmic behavior, typically found in 

the vortex-glass phase, is observed in H* <  H  <  Hk. Consequently, calculated Ue (J) 

rapidly approaches infinity with decreasing current, similar to the characteristic of the 

vortex-glass phase. The I-V measurements conducted on Hg-1212 (inset of Fig. 5.2) 

also verify a non-Ohmic behavior in H* < H <  Hk.

The crossover from a correlated to an uncorrelated vortex liquid is also 

reflected in the behavior of the Hall angle [Qh = tan' 1 (px/Pxx)] across the H k -T 

curve. According to the time-dependent Ginzburg-Landau (TDGL) theory [21,22],
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Fig. 5.2: log p« vs. iN fi  plots of Hg-1212 at several current densities. Ohmic behavior above 

Hk and non-Ohmic behavior below Ht are clearly shown. Inset: Four I - V  curves for the 
temperature near 103.6 K at H = 0.5 T.
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the mixed-state Hall angle contains two contributions: a normal-core term (tan 0„), 

which is linearly proportional to the field, and a Magnus term (tan 0m), which is 

predicted to be field-independent in a free-flow vortex liquid. In Fig. 5.3, tan 0m is 

plotted as a function of temperature for several different applied fields. Here tan 0„ = 

39.5H/T2 was derived from the normal-state Hall effect measurement [73]. Above the 

Hk -T, tan 0m is independent of the field while below the Hk -T, it shows a 

complicated field- dependence. In other words, above the Hk -T  line, pinning is 

ineffective so vortices are in free-flow vortex liquid while below Hk -T, pinning is 

effective and affects the vortex motion, which leads to deviation of tan 0 m from the 

theoretical prediction. This argument is supported by the fact that on the Hk -T line Ue 

is comparable with T. This implies that above the Hk -T line vortices are depinned 

so that the vortex motion is diffusive. Generally, such a depinning line (Hj -T), 

which separates the activated (TAFF) and diffusive (or free flux flow) regions,

0.08

0.04
<x>

® 0.00 

-0.04

Fig. 5.3: Tan 0W as a function of temperature for several applied fields. The dashed line 

represents the field-independent part of tan 0M.
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may be defined as Ue= T  [97]. It is clearly shown in Fig. 5 .1 that this depinning line 

(dashed line) is very close to the Hk -T line (solid line). This seems to suggest that 

Hk -T  is also the vortex depinning line for Hg-1212, which is, however, difficult to 

understand since vortex decoupling and vortex depinning are two different concepts.

5 . 4  P i n n i n g  d e p e n d e n c e  o f  v o r t e x - l i q u i d  p h a s e

In order to resolve this issue, the same measurements were repeated on a weak
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Fig. 5.4: log pxr vs. INH for Tl-2212 films. The dashed line and the solid line indicate the 

depinning line and the Hk-T curve (decoupling line), respectively. Inset: U0 vs. H plot for Tl- 
2 2 1 2  film at the same temperatures in the main panel.
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pinning system, Tl-2212 thin films, and the results are shown in Fig. 5.4. The 

temperature range examined for Tl-2212 is 0.73 Tc - 0.92 Tc (Tc = 106 K), which is 

comparable to the range of 0.84 Tc - 0.98 Tc for Hg-1212 (Tc = 123 K). General trends 

in Tl-2212 such as two regions distinguished by the Hk with a gentle slope (above Hk) 

and a steep slope (below Hk) are the same as on Hg-1212. There exist, however, 

several differences between the two systems. Below Hk, Uo for Tl-2212 increases 

more rapidly than for Hg-1212 as the field decreases, consequently yielding a 

narrower region for H* <  H  <  Hk- In the case of Tl-2212, this much lower Hk -T  

(solid line) is well separated from the depinning line (dashed line) defined from Ue -  

T  as shown in Fig. 5.4. This indicates that the vortex liquid experiences decoupling at 

the Hk - T  but remains pinned until the depinning line is reached. The region enclosed 

by the H k -T  curve (lower boundary) and the H j - T  curve (upper boundary) should thus 

be regarded as the TAFF of single vortices, which was confirmed by the Ohmic 

behavior observed for p„ above Ht-

5.5 Glassy liquid and regular liquid

Fig. 5.5 depicts the magnetic phase diagrams of both the Hg-1212 and the Tl- 

2212 (inset) systems. The upper critical field HL-2 (T) and the vortex solid-liquid 

transition line (Hx -T), extracted from I-V  measurements [98], serve as the upper and 

lower boundaries of the vortex liquid phase, respectively. The resistive onset (H*-T), 

also regarded as the vortex solid-liquid transition line [82,96], is shown obviously 

higher than the Hg -T  line for both Hg-1212 and Tl-2212 films. A possible explanation 

would be the different criteria adopted in the two methods, which leaves the definition 

of the region between the H g -T  and H* -T  controversial. Nevertheless, the region 

above H * -T  can be regarded unambiguously as the vortex liquid phase.

This experiment therefore reveals several new features of the vortex liquid. (1)
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Fig. 5.5: Phase diagram for Hg-1212 thin films. The Hc2 is from the mid-transition of p„ -T 

and the Hk are identified from the kinks in the pa -H. The resistivity onset H' is from Albert 

et al. [76] and the melting field Hg is extracted from I-V characteristics [79]. The solid and 
dotted lines are guides for eye. Inset: Phase diagram for Tl-2212 films. The Ht -T curve is 
much closer to the H'-T than Hg-1212.
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It is clearly shown in Fig. 5.5 that the Hk -T  curve divides the vortex liquid into 

two states, the liquid of single vortices (H  > Hk) and the liquid of correlated vortices 

(H* < H < Hk). For convenience, we call the former “regular” liquid (RL) and the 

latter “glassy” liquid (GL) due to its resemblance to the vortex-glass phase. Both pxt 

and tan QH are found to change their behaviors dramatically across the Hk -T; (2) The 

Hk -T  curve strongly depends on the pinning. At moderate to strong pinning, there 

exists a wide GL region. The vortex glass melts into a liquid but remains 

correlated, most probably locally around the pinning centers due to non-uniformity of 

vortices. This GL region can be further increased with increasing pinning as shown in 

our recent experiment in Hg-1212 films irradiated with 5 GeV Xe-ions [99]. On the 

other hand, the GL region reduces with decreasing pinning (see the inset of Fig. 5.5) 

and becomes too narrow to be observed at low pinning limit. This consists of the 

Ohmic pa  observed in HTS single crystals immediately above the H* -T [79,81]; (3) 

Both GL and RL state could be pinned but the activation energy for the GL is nearly 

an order of magnitude higher than that for RL. This difference may be attributed to a 

large coherent “volume” for the vortex bundles in the GL region and this “volume” 

will be significantly reduced to that for single vortices in the RL region; and (4) 

Vortex depinning may occur either directly from correlated vortices in the strong 

pinning system including YBCO, Hg-1212 and Hg-1212 with columnar defects, or 

after the correlated vortices decouple into single vortices in the weak pinning system 

such as Tl-2212. In the former case, the high decoupling line merges approximately 

with the depinning line and in the latter case, the two lines are well separated so that 

single vortices are pinned in the region / / * < / / <  Hj. Above the H j -T, vortex motion 

is diffusive and pinning becomes inefficient.
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Chapter 6

Scaling Laws of /?** and pxy

6.1 T- and //-dependence of

At finite temperatures, thermally activated flux motion produces dissipation as 

follows:

Pxx = p0 exp( - U e! kT) (6.1)

where p0 is the preexponential factor and k is the Boltzman constant. Ue is the 

effective activation energy which generally depends on the temperature and magnetic 

field such that

Ue (T, H) = U0 /XT) g(H) (6.2)

where Uo is the unperturbed activation energy and the functions /? and g  incorporate 

the temperature and magnetic field.

For most HTSs, (T) and g (H) are observed to have forms fi (T) ~ (1  -  

TITcf and g (H) ~ FT". From the measurement of pa  with sweeping magnetic field 

as shown in Fig. 5.1 and 5.3, for Hg-1212 films, Ue (H) ~ 1 N h  is obtained both in the 

GL and RL for the magnetic field range of 0.05 T - S T .  This 1 N h  field dependence 

is the reported scaling for Bi/Tl -2212. The slope of the each curve gives directly the 

quantity UpiH I kT  at a given temperature.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a)

H > ^ :  RL

* Tl-2212
■ Hg-1212 (B^=OT) 
° Hg-1212 (B =1 T)

m = 1.00 +  0.01

F-

x i
=50

m = 1.00+ 0.03

m = 1.00+ 0.01

101
0.01 0.1 1

1-T/Tc

(b)

H < ^ : G L

m  = 1.00 +  0.01

m = 1.00 + 0.03

m = 058  + 0.05

Tl-2212 
Hg-1212 (B̂  = 0 T) 
Hg-1212 (B = 1 T)

101
0.01 0.1

1-T/Tc
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The temperature dependence of Ue can be extracted from the slope o f vs. 

1 N H  curves. Assuming a general power law for the temperature dependence o f Ue(T) 

— (1 — T/Tc)m, the product Uê H  vs. (1 -  T/Tc) is plotted for both liquid phases, the 

GL and the RL, in Fig. 6 .1. Also shown are the temperature scaling of weak pinning 

system, Tl-2212, and strong pinning system, Hg-1212 with columnar defects. As 

discussed in chapter 5, Ue's in the GL are about an order o f magnitude higher than 

those in the RL for all three systems. As pinning increases, Ue increases in both 

regions, and the Hg- 1 2 1 2  with columnar defects has the highest Ue due to the 

strongest pinning. A linear regression of these data gives the exponent for the 

temperature scaling. Interestingly, m 's for all three systems obtained in both phases 

are very close to 1.0 within error range, though their Ue values are very different. 

Therefore Ue (T, H) o f Hg-1212 without and with columnar defects can be described 

by the scaling law of Ue (T, H )~  (I -  T/Tc) / V//.

This temperature and field scaling law of Ue consists with the model proposed 

by Vinokur et al. [40]. According to this model, the vortex-liquid phase can be 

separated into the flux flow and the thermally activated flux flow (TAFF). Ue in 

TAFF regime is associated with the plastic motion of the vortices. It should be noted, 

however, that in this model, the vortex-liquid phase is defined as an Ohmic regime 

while the GL is found to be non-Ohmic.

6.2 T- and //-dependence of tan 0#

In chapter 4, T- and //-dependence of the tangent of the Hall angle (tan 0//) is 

described. Based on the TDGL theory [21,22] neglecting the effect of pinning, tan Qh 

can be decomposed into two terms:

tan 0 tf(r, //)  = tan 0„ (T, //) + tan 0Ar(7) (6.5)
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where tan 0„ (T, H) is field-dependent and originates from the contribution o f vortex 

normal cores, and tan QM (7) is the field-independent Magnus term. Tan 0„ (J, H) is 

obtained from the normal-state Hall effect measurement on Hg-1212, which suggests 

tan 0„ (T, H) ~ AH /  T* [73]. In our experiment, the coefficient A =  39.5 is 

obtained for the Hg-1212 thin film. As shown in Fig. 4.2 and discussed, In

dependence of the Magnus term (tan Qm) at different applied fields shows clearly 

different behaviors in the two liquid states. In the RL region, all the tan Qm curves that 

are measured at different fields come to coincide, indicating that tan 0 // has a linear 

//-dependence through the normal-core term tan 0„, which is consistent with the KIK 

model [see Eq. (4.2)]. Near 7* (which is marked by the arrows in Fig. 4.2) the tan Qm - 

T  curve starts to deviate from the main trend showing a nonlinear //-dependence o f 

tan Qh in the GL region where pinning sets in. Therefore, the TDGL model does not 

fit with our data in the GL region since the effect of pinning is not considered. It 

should be mentioned that fitting of experimental data with the KIK model was only 

attempted previously on YBCO films [25], Tan 0a/ (7) in YBCO was shown to be 

field independent near Tc, while a complicate field dependence was observed in tan 

Qm (7) at slightly lower temperatures, which agrees with our experimental results.

6.3 //-dependence of

According to the TDGL [21] and microscopic theory [6 8 ], can be 

decomposed into three terms:

crxy = C , / H + C 2  + C3 H  (6.6)

The 1 /H  term comes from o i/and  dominates at low fields, while the H  term is from 

<Jxyn, which dominates in high field. The second term is negligible for less anisotropic 

system such as YBCO [69] but supersedes the third term for highly anisotropic
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Fig. 6.2: Field dependence of er̂ , of Hg-1212 films (Bp = I T) at several temperatures. The 
arrows indicate deviations from the theoretical fitting.
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Fig. 6.3: Temperature dependence of coefficients C,, C2 and C} of Hg-1212 films
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systems such as Tl-2212 [70]. The coefficient C/, Cj and Cj are independent o f fields, 

but are expected to depend on temperature. In Fig. 6.2, the field dependence o f is 

plotted at several temperatures below Tc. Dashed lines depict the theoretical fitting 

using the relation (6 .6 ). At relatively high fields, there exists a threshold //* (7) 

(marked by arrows) below which the data deviate systematically from the fitting. The 

deviation of <%, from the theoretical model in the low field region has also been 

reported for other HTSs including YBCO [69], LSCO [24] and Tl-2212 [70]. This 

deviation can be explained by the existence of the GL region. Since Eq. (6 .6 ) is based 

on the assumption of unpinned vortex liquid, this relation should be applied only at H  

> Hk (T) for Hg-1212 system in which depinning and decoupling occurs nearly 

simultaneously.

Temperature dependence of the coefficients C/, C? and Cj is plotted in Fig. 

6.3. Upon cooling from Tc, Ci and C> become negative at certain temperature range, 

while Cj monotonically increasing with decreasing temperature. According to Eq. 

(6 .6 ), the sign of is determined by the competition between these three terms.
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Chapter 7 

Behavior of oxy in GL and RL

From the study of the vortex-liquid phase diagram described in chapter 5, it 

has been found that vortices are correlated in the glassy-liquid (GL) phase near the 

onset of resistivity and behave very differently from the regular-liquid (RL) phase due 

to the inter-vortex correlation. Based on this observation, we investigate behaviors of 

<J„ in these two regions. Two systems are examined: (1) Hg-1212 in which vortex 

depinning occurs directly from correlated vortices, so vortices can move freely after 

they are uncorrelated at Hk (T); (2) Tl-2212 in which the depinning and decoupling 

lines are well separated, so that single vortices are pinned in the region Hk < H < Hd. 

In this chapter we report a systematic study of <x„ on the Hg-1212 and Tl-2212 films 

before and after columnar defects are added. The irradiation doses were the matching 

field o iB 6= 1 T and 1.2 T for Hg-1212 and Tl-2212, respectively.

7.1 Pinning dependence of GL and RL

In Fig. 7.1 in the following, the field dependence of before (Bp = 0 T) and 

after irradiation (Bp = 1 T) is shown at the same reduced temperatures below Tc. As 

shown in Fig. 7 .1, the same 1 N h  dependence of is observed for both Bp = 0 and 1
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T  in the field range of 0.05 T  -  8  T . Enhanced pinning by irradiation does not change 

the general trend of curves such as the distinction of two regions (the GL and the RL) 

by the Hk -T , but it modifies the detailed features of the curves. The Hk — T  (dashed 

arrow) is shifted toward higher fields and temperatures (solid arrow) after irradiation, 

resulting in a wider GL region. Since the Hk -  T  curve represents disappearance of 

the inter-vortex correlation of vortices in the vortex-liquid phase, it is not surprising 

to see the correlation caused by stronger pinning sustains at higher fields and 

temperatures. Above the Hk — T  the slope of curves before and after irradiation, which 

represents an activation energy Ue, is nearly the same, confirming that pinning is no 

longer effective in this region since vortices are decoupled and depinned as well.

H (T)
0.25 0.04

1 0

Hg-1212 film
open: Bt = 0 T 
solid :S ,=  1T

Eo
Ci

bAo ■xx
C L

1 0

1 0 T/T = 0.90.85 • \ ■ 0.93

1/2 .
1 /  H 1/2i

Fig. 7.1: Log as a function of 1 N h  for Hg-1212 thin films before and after irradiation. 
After irradiation, the boundary field Hk (dashed arrow) between the RL and the GL is shifted 
to a higher field (solid arrow).
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In contrary, the slope of the curves below the Hk -  T  curve significantly steepens with 

columnar defects, confirming a dominant effect of pinning in the GL region.

7.2 gxy of Hg-1212 films in GL and RL

Fig. 7.2 (a) depicts the detailed phase diagram of the vortex-liquid phase of 

Hg-1212 film including the decoupling lines (Hk -T), at which the inter-vortex 

correlation disappears, before and after irradiation. Also shown are the H c2 from the 

mid-transition of p** -T  curves, the H* indicating the onset of resistivity [96] and the 

depinning line (Hd -T) defined by the criteria of Ue = T  [97]. Notice that the Hk -T is 

shifted to higher H  and T  after pinning is enhanced by irradiation, resulting in nearly 

mergence into the Hd-T.

<Jxy is found to behave very differently in the two vortex-liquid regions. In Fig.

7.2 (b), <7n = Pxy/Pxx2 is plotted for several applied fields before and after irradiation. 

In order to take into account the Tc difference of 0.8 K, the figure is presented in a 

reduced temperature T/Tc. It can be clearly seen that Oiy before and after irradiation 

coincides above arrows and starts to diverse below arrows. In order to define a 

deviation of cx„ consistently for all applied fields and also for the other system, a 

criterion of -  I % deviation is used. If we apply the temperatures of arrows for 

different applied fields to the phase diagram in Fig. 7.2 (a), they stay on the Hk -T 

curve for the irradiated sample. This result shows that <7*y is independent of pinning in 

the RL region, while it is strongly dependent on pinning in the GL region. However, it 

is not clear yet whether this pinning dependence of a in the GL region is caused 

either by pinning or by an inter-vortex correlation, since for Hg-1212 decoupling and 

depinning occur nearly simultaneously.
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Fig. 7.2 (a): Phase diagram of the vortex-liquid phase for Hg-1212 films. The Hk -T is 

extracted from the p„ -H curves before and after irradiation, and the Hd -T is determined by 

the criteria of Ue = T.
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Fig. 7.2 (b): <x„ vs. T plot before and after irradiation at H = 1 (inset), 2 and 4 T. G„ starts to 
deviate at the arrows, which stay nearly at the decoupling line for the irradiated sample in 
Fig. 7.2(a).
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7.3 axy of Tl-2212 films in GL and RL

In order to make sure if pinning dependence of <7*y in the GL is caused either 

by the inter-vortex correlation or by pinning, we repeat the same measurement in Tl- 

2 2 1 2  films, in which the decoupling and the depinning lines are well separated as 

shown in Fig. 7.3 (a). In Fig. 7.3 (b), <7̂  is plotted for H  = I T and 2 T before and 

after irradiation. Similar to the result of the Hg-1212 films, a coincides above the 

arrow and diverses below the arrow. These arrows that are determined based on the 

same criterion as in Hg-1212 (marked by *) stay a little higher than the Hk -T in Fig.

7.3 (a). If we assume a shift of the Hk - T  after the heavy ion irradiation as in the Hg- 

1212, the deviation of <7™ starts approximately at the Hk - T  of the irradiated sample. 

This result clearly indicates that the pinning dependence of <JXy is induced by the inter- 

vortex correlation, not by pinning itself. If pinning causes the deviation of <7̂  before 

and after irradiation, this deviation must start from the depinning line H j—T, which is 

far above the Hk-T .

Our results suggest the following physical picture: In the presence of pinning, 

vortices remain correlated in the GL region, so that the effect of pinning is reflected in 

Pxx and Pxy in a complicated way that can not be canceled out in <7 ^. Since the pinning 

dependence of <7̂  is caused by the inter-vortex correlation, this explains why the 

VGFB model in which the pinning effect is considered can not be applied to a low T 

and H  regime for the YBCO and Hg-1212 systems [8,9,12]. In this model, the non

linear interaction term is considered to be averaged out over disorder and vortex 

positions. This simple average may not work at a region below the H k —T, where the 

distribution of vortices near the pinning center is highly non-uniform due to the local 

ordering of vortices.

Depending on pinning, there exist two possibilities for uncorrelaied single 

vortices in the RL region. For the moderate to strong pinning systems such as the 

YBCO and Hg-1212 films, decoupling and depinning occur nearly simultasneously.
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Fig. 7.3 (a): Phase diagram of the vortex-liquid phase for Tl-2212 films. Compared to that for 

Hg-1212 films, the Hk -T and Hd-T are well separated.
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Fig. 7.3 (b): The same <7̂ vs. T plot before and after irradiation at H = 1 T and 2 T (inset). 

The deviation of <?„■ locates little above the Hk-T in the phase diagram.
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Thus vortex motion is not affected by pinning after vortices are uncorrelated. 

Consequently, is pinning independent. In contrary, for the weak pinning system 

such as the Tl-2212 films the Hk -T and the H& -T lines are well separated, so vortices 

are uncorrelated, but still remain pinned at the region enclosed by the Hk -T  (lower 

boundary) and the Hj -T (upper boundary) lines. Although pinning affects p** and pxy 

respectively at this region, these effects are canceled out when is calculated. This 

analysis can explain the pinning independent 0 ^. in Tl-2212 films that was reported 

by Samoilov et al. [26]. In Ref. [26] crxy is not extended to a very low T  regime to be 

able to reach the GL phase, so (Jxy before and after irradiation is compared only in the 

RL phase. Since vortices are completely uncorrelated in this region, the VGFB model 

should be valid.

The pinning-dependent <7̂  at low T  and H  regime appears to agree with the 

WDT model qualitatively. The question of how the backflow current inside normal 

core relates with the inter-vortex correlation, however, needs further investigation. In 

addition, a smaller than 1.5 (/J = 1) has been observed recently on Hg-1212 films at 

very low field [ 1 0 1 ], which can not be explained by this model.
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Chapter 8 

Concluding Remarks

In this dissertation, we presented the study on the mixed-state Hall effect of 

high-rc superconductors (HTSs). In order to understand the mechanisms of the 

puzzling phenomena in the mixed-state Hall effect of HTSs, the Hall sign anomaly 

and scaling behavior, Hall measurements are conducted in several HTSs with various 

pinning from weak to strong, or with various oxygen content from underdoped to 

overdoped.

The mechanism o f the sign reversal of the Hall resistivity is investigated from 

the study of the Hall effect in Tl-2201 films when the electronic band structure is 

varied through the underdoped, optimally doped, and overdoped region. Two sign 

reversals observed both in the underdoped and optimally doped samples disappear 

simultaneously when the sample is overdoped. These results confirm that the Hall 

sign reversal is an intrinsic property of HTSs and both Hall sign reversals are 

determined by electronic band structure.

Although pinning is not found to be the mechanism behind sign reversals, 

pinning can modify the detail o f the Hall sign reversal. By enhancing pinning of Hg- 

1 2 1 2  films by irradiation to trap the second sign reversal into the pinning effective 

region, the second sign reversal can be suppressed completely. Therefore, it is 

concluded that two (or more) sign reversals represent a generic behavior of HTSs.

From a systematic study of the vortex phase diagram, several new features of
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the vortex liquid are discovered. In the presence of pinning, vortex liquid is composed 

o f two states, a glassy liquid (GL) and a regular liquid (RL). In the GL state, vortices 

remain correlated as manifested in non-Ohmic resistivity whereas in the RL state, 

resistivity becomes Ohmic as vortices become uncorrelated. Generally the boundary 

(Hk -T ) between the GL and the RL is lower than the depinning line (H j -T ) .  As 

pinning increases the Hk -T  may approach the Ha -T, thus vortices are decoupled and 

depinned simultaneously for a strong pinning system. For the weak pinning system, 

on the other hand, the Hk -  T and the H a -  T  are well separated so that single vortices 

remain pinned in the region / / * < / / <  Hj.

The presence o f  the GL is reflected in the scaling laws o f pxx and p^. The 

scaling law of (Je for Hg-1212 system is obtained as Ue (T, H ) ~  Uo ( 1 -  T/Tc) / 'JH 

both in the GL and the RL despite different Ue values in the two regions. The 

magnetic field dependence of tan 0# is found to be linear in the RL and non-linear in 

the GL. The temperature and field dependence of tan 0# and fits well with the 

TDGL theory only in the RL region while they do not fit in the GL region because the 

effect of pinning is not considered in this model.

£% is found to behave very differently in the GL and the RL. In the GL <% is 

observed dependent on pinning due to the inter-vortex correlation whereas in the RL 

crxy is independent o f pinning because the pinning effect is scaled out.

These observations shed many insights onto the understanding of the Hall sign 

reversals and the scaling behavior. However, several problems still remain unsolved 

in the mixed-state Hall effect of HTSs. For example, the mechanism of how 

electronic band structure determines the Hall sign is not clear yet. In addition, an 

application of the TDGL model to the Hall angle of Tl-2201 (or Tl-2212) films 

reveals an interesting fine feature, which is different from that of the strong pinning 

systems such as YBCO or Hg-1212 films. These problems are left for future research.
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Chapter 9 

Future Experiment Proposal

Based on our observations shown in the previous chapters, we propose the 

Hall effect measurements of Tl-2201 thin films (1) with various oxygen contents and

(2) with various irradiation doses. By measuring pxx and Pxy of Tl-2201 films, we will 

carefully investigate the dependence of the Hall resistivity or the Hall angle on (1) 

charge carrier density, and (2 ) pinning strength.

9.1 Hall effect on Tl-2201 films with various oxygen 

contents

In chapter 3, we have investigated the intimate relation between the Hall sign 

reversals and electronic band structure on Tl-2201 films with oxygen contents 

varying from slightly underdoped to overdoped. However, it is not clear yet how the 

electronic band structure controls the mixed-state Hall sign. The systematic study on 

the relation between the Hall sign anomalies and charge carrier density is thus 

necessary to understand the mechanism of the Hall sign reversals in HTSs.

Tl-2201 thin films are an ideal system for such a study since their electronic 

band structures can be perturbed by anion doping instead of cation doping, which 

may produce an unnecessary effect on the Fermi surface. Through collaboration with
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the State University of New York (SUNY) at Buffalo, we will extend the Hall effect 

measurements on Tl-2201 films in order to cover a wide range on oxygen contents 

from underdoping to overdoping with fine intervals. From this experiment, we will 

investigate (1) the dependence of both of the two sign reversals on charge carrier 

density; (2) at which doping level, both of the two Hall sign reversals disappear; and

(3) the dependence of the Hall resistivity on charge carrier density in the overdoped 

region.

9 . 2  H a l l  e f f e c t  o n  T l - 2 2 0 1  f i l m s  w i t h  c o l u m n a r  

d e f e c t s

The relation (4.2) has been reported to have a good agreement with tan Qh of 

YBCO crystals (strong pinning system) [25] and Hg-1212 thin films with columnar

0.00
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CD

-0.01 - ZTI

- 0.02

5
CD Tl-2201 

optimaly doped-0.03
ST

-0.04
40 100

T (K)

Fig. 9.1: Tan QM vs. T curves for a Tl-2201 film at different applied field {H > 2 T). The 
crossover at T - 67.9 K can be clearly seen.
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defects (moderate pinning system) [102]. The application of the same analysis 

to Tl-2201 (weak pinning system), however, shows very different and interesting fine 

structures at high field region as shown in Fig. 9.1. This fine structure, which has also 

been observed in the Tl-2212 system, is not expected from any existing theories.

As we observed in chapter 5, the vortex state in the vortex-liquid phase of Tl- 

2212 is different from that of YBCO and Hg-1212. The vortex liquid experiences 

decoupling at the H ^ - T  line, but remains pinned until the depinning line (H<j -  T) is 

reached. Therefore, there exists a wide region for the TAFF o f single vortices 

enclosed by the Hk — T (lower boundary) and the H d - T  (upper boundary), while in 

YBCO and Hg-1212, decoupling and depinning occurs nearly similtaneously. The 

fine structures o f the Hall angle may associate with the decoupling o f vortices. This 

argument is supported by the observation that tan QM vs. T plot for Tl-2201 at a low 

field region (Fig. 9.2) is very similar to that of Hg-1212 at a high field region (see

0.000
cCD

c
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I
3:

®  - 0. 002-  

w
II 0.4 T>

.0.6
Tl-2201

optimaly doped-0.004-

0.8 T

80 90 10060 70

Fig. 9.2: Tan QM as a function of T for a Tl-2201 film at different applied fields (H < 1 T). At 

a low field region, tan QM behaves differently from that at high field region
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Since the pinning o f Hg-1212 is stronger than that of Tl-2201 (or Tl-2212) due to 

smaller anisotropy, the same fine structure is expected to occur at a higher field 

region (H > 8  T) for Hg-1212. Therefore, the Tl-2201 system provides a relatively 

wide field region for the study of detailed fine structures in the Hall angle. A careful 

analysis of the Hall angle of Tl-2201 with different pinning, which can be modified 

by using ion beam irradiation, will be conducted in high (1 -  8  T), moderate (0.1 -  I 

T) and low (0.01 -  0.1 T) field regions, using a lock-in amplifier to improve the 

resolution of the measurement. It has been found that the decoupling line shifts to 

higher temperatures and fields as pinning enhances by heavy ion beam irradiation

[100]. In collaboration with the SUNY at Buffalo and Sandia laboratory, we will 

prepare a set of Tl-2201 samples with different irradiation doses. Measurement of the 

Hall angle on Tl-2212 films as a function o f irradiation dose will thus provide a 

quantitative understanding of the mechanism of these fine structures.
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