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Hall-conductivity sign reversal and fluctuations in YBa,Cuz05_ films
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We measured the longitudinal and Hall resistive transitions of J0BgO,_; films in applied fields up to 9
T. The longitudinal fluctuation conductivities obey the scaling behavior of the three-dimensional Hartree
fluctuation theory of Ullah and Dorsey. The fluctuation Hall conductivities do not scale. Our analysis shows
that there are substantial contributions from the Maki-Thomp@®df) process as well as the Aslamazov-
Larkin (AL) one. Using aransatzsuggested by the microscopic theory of Fukuyaghal., we separated the
AL term from the total fluctuation conductivity. The AL Hall conductivity follows a scaling law, and the AL
and MT terms have opposite sign. The sign of the AL term is consistent with the sign change in the flux-flow
regime, as predicted by theory. At low fields and temperatures just ahgt), the AL term dominates the
MT term, therefore causing the total Hall-conductivity sign chah§6163-18207)11117-1

The sign reversal of the Hall conductivity in the mixed have negative intercepts. The importance of the fluctuation
state of both highF. and lowT, superconductors has been contribution to Hall-conductivity sign change has been ad-
one of the most intriguing and controversial transportdressed recently by Jin and Gtt.
phenomené_ Despite many efforts, the mechanism respon- The longitudinal and Hall conductivities can be written as
sible for the anomalous Hall effect is still unclear. Even theoy,= oy, + Aoy, and Oxy= GQy+Aaxy, whereo}, and aQy
basic question of whether the sign change is due to the in-

trinsic property of vortex dynamics or some extrinsic prop- 90
erty like pinning is unsolved. Wanet al” propose that the 99.88
backflow current caused by vortex pinning leads to the sign 80 gg‘gg
change. However, based on a general argument of pinning -~~~ 70 ¢ 92.89
theory, Vinokuret al.® and later Liuet al* on a rigorous E 60 91.89
calculation argue otherwise, concluding that the sign change ¢ 91.40
is not due to pinning and Hall conductivity isdependenof c 50 90.89
pinning. Some experiments show Hall conductivity indepen- 3. 40 gg'gg
dent of pinning} implying that sign change is not due to ~w 30 89.70
pinning. Other experiments have shown some quantitative bd
agreement with the pinning mechaninThere are also Q. 20
models based on the carrier density difference between in- 10
side and outside the vortex corBas well as a microscopic
calculation by van Otterlet al® which supports Ref. 8. A oL, . !
general approach which accommodates a sign change is the
time-dependent Ginzburg-Land4tDGL) theory!®! but it 1.6 = %) ‘ ‘ ‘ ' o068
needs microscopic information to determine certain param- 1.4 1 93.89
eters. 12l 1 92.89

In this paper, we report Hall-effect measurements which  —~ o
are primarily in the fluctuation regime, where vortices are E 1.0 | 19089
not present. We interpret our data in terms of fluctuation QO o8t Y - 90.89
theory by Ullah and Dorse}f We will present data from one CZ:l y | 3999
YBa,Cu;0;_ 5 (YBCO) film made by pulsed-laser deposition S 08¢
with thickness of 3000 A, andl, of 90 K [midpoint of tran- ’;, 0.4 1
sition region, Fig. 1a) insef with a transition width less than Q 0.2 L / ]
1 K (10-90 %. We have measured several other samples,
and they show similar results. 0.0 i

In Fig. 1 we plot longitudinal and Hall resistivities vs field —0.2 L t ' : '
for temperatures near and above the zero figld where 4 6 8 10
fluctuations make significant contributions to the :UIOH(T)

conductivity’*~131t is clear from Fig. 1b) that there is a sign

change around 90 K, even though the longitudinal resistivi- FIG. 1. Longitudinal and Hall resistivities near and abdye
tiesnever go to zeras shown in Fig. (). Notice also that  For both plots, the temperatures corresponding to each curve at far
for temperatures around 90 K and a few degrees above, thight are listed in kelvin. Inset itia) shows the zero-field resistive
high-field Hall resistivities do not extrapolate to zero, buttransition.
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are normal-state contributions. According to Ullah and o~ ;45
Dorsey*? in the three-dimensionaBD) case, the fluctuation N 008
conductivities have the following behavior: ::g o
5 0.004 B
% 0.04 é)
23 T—T.(H) &> 0.003 oon N
AUxx=C1F61(m/3> Cz((H—T)ZT) : (o = A
o~ 0.002 | o
2 0.00 g
(-
Il
1 1218 T—T(H) Q\ 0.001
A7y Cako (W) CZ( (HT)Zs) ’ @ ﬁmg 0.000 |
3 -0.1 0.0 0.1 02 0.3 0.4
wherec, andc, are two constantsF is a universal function,
T.(H) is the mean-field transition temperature, Whﬂgl Q’\ » T ' .
1 ) : 0.00001 |
and\, - are real and imaginary parts of the order-parameter ®,
relaxation rate of TDGL theory. Equatiori$) and (2) are g 0.00000 |
only true in the high-fieldlowest-Landau-levellimit. The g
original derivation only included the Aslamazov-Larkin m& -0.00001 |- 6.0000 F
(AL) contribution, and did not include the Maki-Thompson o
(MT) contribution!’ From Egs.(1) and (2), we have the 2 -0.00002 S
theoretical predictiom a,, /Aoy, =\g Tg =const, since  § -o-0002 >
Aot andT', ! are both constants within TDGL theory. X 0-00003 1 o5
We obtained fluctuation conductivities by subtracting the >  _5.00004 |- ; -0.0004
normal-state contributions. The normal-state longitudinal re- s m e
sistivity can be described by py,(T)=[0.81T(K) o' —0.00005 L— : : : '
. . - g -0.1 0.0 0.1 0.2 0.3 0.4
+8.67] uQ cm, which was obtained by fitting resistivity 1/3, 2/3
from 150 to 250 K. The Hall coefficient was obtained in the (T—TC(H))/(HT)Z/S(K /T / )
same temperature range, Ry(T)=[1/(0.045T(K)
+1.2)] ©Q cm/T. The normal-state Hall resistivity is given 0.03 : : :
by p;xz Ry (T)B. Normal-state conductivities were obtained (c)
by O-Qx:pgx/[(pgx)z_" (p;x) 2] and O-Qy: ng/[(PQx)z
+(pyyx)?]- The mean-field transition temperatufg(H) is v 0.02
chosen to ber.(H)=[—0.38MH(T)+88.2] K. This corre- o
sponds to—dH.,(T)/dT=2.58 T/K. The choice off.(H) i 0.01
is based on achieving the best scaling plot far,, and a 2
linear relationship betweefi,(H) and H.'*>!® The interpo- b
lated T;(0) is known to not match experimental zero-field < 600
transition temperature exactly!®
After subtracting out the normal-state contributions, we
scale the data based on E¢b. and(2). As shown in Fig. 2, —0.01 : ; [
the longitudinal fluctuation conductivity follows the Ullah 80 85 90 95 100
and Dorsey scaling law as observed by many grdops$, T(K)

while the fluctuation Hall conductivity does not scale. Also,

we plot in Fig. Zc) Any/AUxx vs temperature. It is strongly FIG. 2. Sc_alin_g of fluctuation conductivi.ties_with field str_e_ngths
temperature and field dependent, as opposed to what ﬂpéz to 9 T with increments of l T(@) L.ongltudlnal conductivity,
theory predicts. We point out that in order to maakerxy which scales(b) Hall gonductlvnyZ which doe_s _n_ot scale_. Insets
scale, we have tried many different choicesTo{H), in- show the corresponding fluctuation conductivitiés) Ratio of
cluding some which sacrifice scaling dfo,, but all at-  27x/A%% Vs temperature,

tempts failed.

This failure to scale may be due to the fact that the TDGLW
theory only includes AL contributions, but fails to include
MT contributions. As we can see from the insets of Fids) 2
and 2b), the fluctuation longitudinal conductivities mono-

We now turn to the microscopic theory for guidance,
hich includes both AL and MT terms in a Gaussian ap-
proximation. From microscopic theory by Fukuyaetaal.,*°
in the 3D low-field limit,

tonically increase with decreasing temperature. The fluctua- e? 1 4

tion Hall conductivities first increase with decreasing tem- Oyx= Oyt W (—1/z+ —1,7> 3
perature, then around,(H) start to change sign, becoming 7 K

increasingly negative as temperature is lowered. This cross- 2 o (ra 1 4

over might be due to competition between the two terms in co=g" 4+ —00 X (_ —+ _1,2) (4)
fluctuation Hall conductivity. VY 3204(0) oy | 36 7 g
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FIG. 3. The ratio of dimensionless fluctuation conductivity vs
temperature for magnetic field from @ ® T with increments of 1 T.
Upper inset shows dy,— ay,)/ oy, and lower inset showsof,,
—ayy)l oy, in the same temperature range.

where 7=In(T/T¢(H))=~[T—T(H)]/T,(H), and «
«N'(eg), the derivative of the density of states at the Fermi
energy. In both Eqs(3) and (4), the first fluctuation term
corresponds to the AL and the second to the MT contribu-
tions. NearT(H), %2 dominatesy™ ¥ terms, while away
from T¢(H), # %2 is much smaller thany Y2 If «
<O[N’(ep)<0], itis conceivable that near.(H), the AL
Hall term can overpower the MT Hall term and normal-state
contribution, therefore leading to a sign change.

At higher temperatures, we have

[(ny_ O-Qy)lo-gy] I (oxx— O-Qx)/o-;x]
= (mal365%?+ 419Y?) [ (115Y?+ 41nY?) ~4/5=0.8.

In Fig. 3 we plot[(oyy— o))/ o, I/ [ (0yx— o) Ts] VS
temperature, where around 100 K the ratio is about 1.5.

As pointed out by Fukuyamet al.,, the AL term and MT
term in longitudinal conductivity, and apart from a factor of
oyl oy, the Hall MT term, all have the same temperature
and field dependence. We now proposeaasatz even as

fluctuations become large, and the low-field Gaussian ap‘j
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FIG. 4. Scaling of AL Hall and MT Hall conductivities with
field strengths of 2d 9 T with increments of 1 T(a) AL Hall
conductivity.(b) MT Hall conductivity. Insets show the correspond-
ing conductivities(c) Ratio of Aajy/Aay, vs temperature.

Hall conductivities obtained from E@5). The AL Hall con-
uctivity scales nicely, while the MT Hall conductivity does

proximation must be replaced by the high-field Hartree ap_not. Scaling of the total fluctuation Hall conductivity fails
proximation, the functionality between longitudinal AL and because of the importance of the MT ter(fibe fact that the

MT terms, as well as the Hall MT terg@@part from the factor

fluctuation longitudinal conductivity scales without separa-

of /o) may still remain the same, but the relative strengthfion of AL and MT contributions agrees with the micro-
between them might be different. We propose that we ca§copic calculation and ouansatz) The AL and MT Hall
separate the AL Hall contribution from the total fluctuation terms shown in Fig. 4 insets are similar to those obtained by

Hall conductivity by using

fitting low-field data in Fig. 8 of Langt all* Other experi-

ments with low-field data have shown disagreement with MT

n
Xy

: ©)

n n
( Oxy™ ny) _ ( Oxx™ Oxx
n

n
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Aottt ~g
Xy o
Xy

whereg is a numerical factor. We found that witdp=1.6

and using thesame mean-field transition temperatures ical result has suggested.

T.(H) used forA o, scaling, we can achieve a nice scaling

contributions?®?! Our observation that the ratio of dimen-
sionless fluctuation conductivity approaches 1.5 around 100
K implies that the strength of the longitudinal MT term in
high field is substantially smaller than the low-field theoret-

As we can see from Figs.(@ and 4b), insets, the AL

for the AL Hall conductivity. This factog=1.6 is actually Hall conductivity has sign opposite to the MT Hall conduc-

very close to what Fig. 3 suggested, 1.5, andwge the
low-field theoretical limit.

tivity. At certain fields and temperatures closeltgH), the
AL Hall term starts to dominate the MT Hall term, and

In Fig. 4 we perform the scaling plot of the AL and MT Aoy, becomes negative. When this negative,, is larger
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scales is consistent with Ullah and Dorsey'’s prediction and is

Hall conductivity changes sign, as shown in Fig. 3, loweran indirect indication of the correctness of camsatz By

inset.

separating AL and MT Hall contributions and demonstrating

At still lower temperatures, fluctuation effects will be the scaling behavior of the AL Hall term, we have clearly
dominated by flux-flow effects, and the sign change may pddentified thecauseof the Hall conductivity sign change in

due to another mechanism. This is reflected in Fi) 4
where we pIotAaﬁyL/AzrXX vs temperature at several fields.
Even though bothAo,, and Ao}, scale using the same

mean-field transition temperatuiie.(H), their ratio isnot

temperature and field independent as suggested by tf:%
theory. This ratio, however, is clearly an improvement on

Fig. 2(c), where the AL and MT terms were not separated
We note that the main deviations from temperature indepe

dence come from lower temperatures and fields, where dal}

are obviously in the flux-flow regime. The relatively weak
temperature dependence/éy, /Aoy, may indicate that the

TDGL relaxation rated’y * and\, *, which should be tem-

the fluctuation regime. We further note that the clear occur-
rence of sign-reversing terms in the fluctuation regime,
where there are no vortices, indicates that pinning cannot
fully account for the sign reversal.

In summary, we have analyzed our data in terms of Ullah
d Dorsey’s fluctuation scaling theory. The longitudinal

fluctuation conductivity scales well but the Hall conductivity

‘does not. After separating the AL and MT terms from fluc-

uation Hall conductivity, the AL Hall term follows the scal-

ﬁg law, while the MT Hall term does not. Furthermore, the
AL Hall term is opposite in sign to the normal-state Hall
effect. NearT. in the fluctuation-dominated regime, the sign
change is due to the AL Hall term N’ (eg) <O.

perature independent according TDGL, are actually weakly

temperature dependent.

We are very grateful for extensive discussions with and

We want to emphasize that our approach to separate thmomments by Professor A. T. Dorsey, Professor D. M. Gins-

AL and MT Hall conductivity relies on ouansatz Though

berg, and Professor W. Lang. We thank Dr. W. Jiang, Dr. C.

this lacks rigorous theoretical justification, it is however aKwon, Dr. Q. Li, and Dr. |. Takeuchi for providing the
very simple approach, and there is no other reliable methodBCO films. This research was supported in part by the NSF
available. The fact that after separation the AL Hall termunder Grant No. DMR-9510464.

1C. J. Lobbet al, Appl. Supercond2, 631(1994), and references
cited therein.

27. D. Wanget al, Phys. Rev. Lett72, 3875(1994.

3V. M. Vinokur et al,, Phys. Rev. Lett71, 1242(1993.

“Wu Liu et al, Phys. Rev. B2, 7482(1995; for detailed calcu-
lations, see Wu Liu, Ph.D. thesis, University of Maryland, 1996.

S5A. V. Samoilovet al, Phys. Rev. Lett74, 2351(1995.

5W. N. Kanget al, Phys. Rev. Lett76, 2993(1996.

’D. 1. Khomskii and A. Freimuth, Phys. Rev. Let?5 1384
(1995.

M. V. Feigel'manet al, Physica C235-24Q 3127(1994; JETP
Lett. 62, 834 (1995.

9A. van Otterloet al, Phys. Rev. Lett75, 3736(1995.

10A. T. Dorsey, Phys. Rev. B6, 8376(1992.

1IN, B. Kopninet al, J. Low Temp. Phys90, 1 (1993.

125, Ullah and A. T. Dorsey, Phys. Rev. 8, 262 (1991).

133, P. Riceet al, Phys. Rev. B44, 10 158(1991).

14W. Langet al, Phys. Rev. B49, 4209(1994.

15A. V. Samoilov, Phys. Rev. B9, 1246(1994).

18R, Jin and H. R. Ott, Phys. Rev. B3, 9406(1996.

7w, J. Skocpol and M. Tinkham, Rep. Prog. Phy8, 1049
(1975.

18y, Welp et al, Phys. Rev. Lett67, 3180(1991.

19H. Fukuyamaet al, Prog. Theor. Phys46, 1028 (1971). The
original formula given by Fukuyamet al. has numerical factor
errors. Equationg3) and(4) are due to Alan T. DorsejAlan T.
Dorsey(private communication.

203, P. Rice and D. M. Ginsberg, Phys. Rev4g 12 049(1992.

21K. Sembaet al, Phys. Rev. Lett67, 769 (1991).



