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Zeeman EfFect on Magnetoresistance in High-Temperature Superconductors
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The Zeeman effect on the magnetoresistance in high-temperature superconductors is investigated
above the transition temperature. It is found that this eAect is dominant for the positive magnetoresis-
tance in a parallel magnetic field and the phase relaxation time z~ can be estimated by a comparison of
this term with experimental data for single-crystal films. This value is consistent with an estimate from
the orbital eA'ect of the Maki-Thompson term in a perpendicular magnetic field, and a temperature
dependence of r~ proportional to 1/T is obtained from the experimental data.

PACS numbers: 74.40.+k, 74.75.+t

High-temperature superconductors in layered materi-
als like the Y-Ba-Cu oxides show anisotropic supercon-
ducting Auctuations. Recently, theoretical formulas for
the magnetoresistance of such high-temperature super-
conductors have been studied for perpendicular magnetic
field H&, b (H is perpendicular to the a, b axes or to the
Cuoq plane). ' These formulas are based upon the
Aslamazov-Larkin (AL) term and the Maki-Thompson
(MT) term. By comparison with the experiments of
sintered samples of Y-Ba-Cu-o, the coherence lengths g,
and g,b are estimated to be 2 and 16 A, respectively.
These small values are consistent with the values of Oh
et al. which are obtained from the Aslamazov-Larkin
term without a magnetic field.

The value of the phase relaxation time z„has not been
determined precisely since the applicable Maki-Thomp-
son region is small for sintered samples and z~ has been
estimated to be approximately of the order of 3&10
s. Recently, the magnetoresistance of a single-crystal
film of Y-Ba-Cu-0 has been measured in the H&, g and
H~~, g cases and different behaviors were observed. In
Fig. 1 we plot the magnetoresistance of single-crystal
films as observed by Matsuda et al.

In this Letter, we study a new effect in magnetoresis-
tance, due to the Zeeman effect on the Maki-Thompson
and Aslamazov-Larkin terms. Usually a large magne-
toresistance is observed due to the effects of weak locali-
zation phenomena or the quantum interference effect. '
Near the superconducting transition point, the localiza-
tion effect is modified by the superconducting Auctua-
tions. The Maki-Thompson term has been studied for
this magnetoresistance. " The effect of the Maki-
Thompson term in the magnetoresistance is due to an or-
bital effect and becomes larger than the AL term far
from T, as discussed in Ref. 1 for the H&,g case. How-
ever, for the H~~, b case, this orbital effect is absent in the
two-dimensional limit. In such a case, the spin-splitting
Zeeman effect on the Maki-Thompson and Aslamazov-
Larkin terms becomes important. This effect has not

been considered before in the literature' and we will
discuss it in this Letter. Our formulas give reliable new
estimates for the phase relaxation time z~, which is an
important quantity regarding the pair breaking of super-
conductors and the coherence lengths g,b and g, . Our
analysis is also of interest with respect to the interplay
between Anderson localization and superconductivity,
since high-temperature superconductors are ideal quasi-
two-dimensional systems due to their small g, =1 A.

The magnetic field breaks the singlet spin pair as a re-
sult of the paramagnetic effect. It suppresses the Maki-
Thompson superconductor correction and it leads to the
positive magnetoresistance. For the Zeeman effect,
without the orbital effect, the correction of the conduc-
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FIG. 1. The magnetoconductivity of a single-crystal film.
The solid line A is the summation of the following contribu-
tions: a, MT-Zeeman; b, AL-Zeeman; c MT-orbital; and d,
AL-orbital. The solid line B is the summation of contributions
a and b. The experimental data of Matsuda et al. are plotted
as circles. For theoretical estimation, the parameters (, =1.5
A, g,b =11.5 A, and r„=10 ' s at T=100 K are used.
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tivity in the Maki-Thompson term is written as T, . The quantity I.~ is given by

e P qd& t 2~~~d dk
gMTz D ao «&(q, kll) p(q, kll),
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where

2

C(q, kll) =
D(q g,b+2(, [1 —cos(klld)]/d +j,b/L~)

(2)

D is a dilTusion constant, g,b(0) =eh,D/8kT, and d is

the distance between conduction layers. e is (T T,)/—
2

2

p(q, kll) =
4 e+q g,b+2(, fl —cos(klld)]/d +j,b/L~

(3)

where co, =gp8H, p~ is the Bohr magneton. We use
g=2 in this Letter for the analysis. The notation Re in

(1) means the real part of the quantities that follow. We
consider the quasi-two-dimensional system as weakly
coupled to the c-axis direction (g, «g, b). Near T„

~
T T,

~

~—h, /r~k, it is necessary to investigate the
magnetic field dependence of P. If co, is vanishing, the
above formulas reduce to the usual Maki-Thompson
term in the anisotropic case. Since the external magnet-
ic field is parallel to the a, b axes, the momentum q is not
quantized. The integrations can be done exactly. Since
the magnetoresistance is proportional to the square of
the magnetic field, except very near T„with the usual
laboratory magnets, we consider only a small co, term
(co, r /h, ((1).

The magnetoconductivity in a small magnetic field be-
comes
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This term AcrMTZ is plotted in Fig. 1 for the value
r~=l x 10 ' s at T=100 K. We used (,=1.5 4 and
d =12 A. The transition temperature of the sample in

Fig. 1 is 85.5 K. As observed in the weak localization
eAect, the phase relaxation time i~ is different from the
energy relaxation time ~, since there appear other relax-
ation times due to spin-orbit and spin-spin interactions,
which are usually temperature independent. In our case,
~~ is considered to be i, since the estimated value of r~ is
small compared to other possible relaxation times due to
spin-orbit and spin-spin interactions. Therefore, the
temperature dependence of ~~ is suggested. We find from
fitting Eq. (5) to the experimental values that the experi-
ment in a parallel magnetic field is explained by
kTr~/6=1. 3 in the considered temperature region. This
1/T dependence of r~ is similar to the 1/T dependence of
the conductivity. This obtained value is consistent with
the estimate from the magnetoresistance in H&,~ using
the orbital MT term h, aMTo and the orbital AL term
h.o~LO, which have the following magnetoconductivi-
ties '.
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where y is the digamma function and y" ( —,
' ) = —16.8.

The conductivity enhancement due to the Aslamazov-
Larkin term is'

where h =2eg, b(0)H/Ac. From the experimental data
of Fig. 1 for H &,b, we obtain ~~ = 10 ' s by using the
above equations of the orbital eAect in addition to the
Zeeman contribution of Eq. (5). The short pair break-
ing time T~ leads to a shift of the transition temperature
AT, . Our estimation of r~ gives AT, /T, = zrh/8kT, r~
= 0.3, and the Ginzburg-Landau approximation may be
adequate.

There is also a Zeeman eA'ect on the Aslamazov-
Larkin term due to the shift of the transition tempera-
ture. The shift of the transition temperature in a mag-
netic field is described by'

~ALO

1+a S' (1+&)
(1+2a)' ' a' (1+2&)' '

e h (2+4a+3a )
646de' (1+2a)

(8)

e 1o~L(0) =
166d e'(1+2a') '~2

where e'=e —
&

y" ( —,
' )(cu, /4~kT, ), a'=2(, (0)/d e',

and e'=[T T, (H)]/T, (H). Therefor—e, we obtain the
magnetoconductivity of the Aslamazov-Larkin Zeeman
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term as
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where a~~~=4(D~~D~)' eH, a&=4D&eH, and D~~ & are
the diffusion constants in the directions parallel to the c
axis and to the a-b plane, respectively. If we take
g,b=12 A, (,=1.5 A, we obtain D&=0.4 cm s ' and
D ~~/D ~ 6p . For such parameters, (co,/a & ) = —,

' and
the Zeeman effect becomes of the same order as the or-
bital contribution in the H&,b case, and the orbital con-
tribution becomes small in the H ~~,b case since
(co,/a~~) =30. This order estimate agrees roughly with
the calculation in Fig. 1.

We notice that the Aslamazov-Larkin orbital effect
should give a large difference between H&, g and H~~,p, of
the order of (g,b/g, ) = 60. The two curves in Fig. 1 do
not show such a large difference, at least for t. =0.04.

This term is small far from T„but it becomes larger
than MT Zeeman term near T, .

The observed magnetoresistance in a parallel magnetic
field is well explained by the Zeeman effect on the MT
and AL terms. In Fig. 1, we make a comparison with
the experimental results in the H~~~, b case. We have also
made a best fit to the data of Fig. 1 for the H&, g case,
with Eqs. (5), (8), (9), and (12). This leads to
coherence-length values of g, =1.5 A and g, b =11.5 A..
Thus it is possible to determine precisely the coherence
lengths and the pair breaking time. We notice that the
rather large difference of the magnitude of magnetoresis-
tance between the experimental value and the theoretical
formula was interpreted before as a c factor, and indeed
a c factor exists in sintered samples as c=6. For the
single-crystal film of our analysis, this c factor is almost
1 and the resistivity at the onset temperature is 60 p0,
cm.

We emphasize that the phase relaxation time ~~ is
more precisely determined from the data of H~~, b, since 8
is small and 6/a is independent of the value of g, (0).
Our obtained value of i~ provides the reasonable value
kTz~/h =1.3. The consistency of the estimated value of
i~ for both H &,b and H ~~,b may suggest that the usual
microscopic singlet pairing, like the BCS type, exists,
and confirms that there is the ordinary Maki-Thompson
fluctuation term in the high-temperature superconduc-
tors.

The ratio between the orbital and Zeeman effects in

the Maki-Thompson term for H&, g and H~~, g is dis-
cussed by the following quantities:

—g(3)
2z'hd~ 2 zkT

(15)

where
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This quantity h, o- ' is shown to be smaller than h, o.MIz
in two dimensions, of the following order:

ho ' 12$(3) 0.15

~o Mzz zr '(k Tz,/h ) ' (kTz, /h ) '

We have discussed the Zeeman effect on the Maki-
Thompson and Aslamazov-Larkin terms for the magne-
toresistance and found that this effect is dominant in

parallel magnetic field H~~, b and that the magnetoresis-
tance of H~, b is explained by a summation of the orbital
AL term, MT term, and Zeeman terms on the MT and
AL terms for a wide temperature region. The contribu-
tion of the Zeeman term in a Coulomb interaction is
small. It has been shown that the phase relaxation time
i~ can be obtained by a comparison with the experimen-
tal data of the magnetoresistance in a parallel magnetic
field. The value of i~ obtained from the data of Matsu-
da et al. is 10 s at T =100 K.

This value of i~ is consistent with the estimate for the
magnetoresistance in a perpendicular field. We have
also obtained the temperature dependence of the phase
relaxation time, z~=1.3h/kT. It is quite interesting to
make analyses for other high-temperature superconduc-
tors such as Bi-Sr-Ca-Cu-0 and Tl-Ba-Ca-Cu-0 since
these materials may have different parameters. The

This observation may also be explained by the domi-
nance of the Zeeman effect on the Maki-Thompson and
Aslamazov-Larkin terms for H~I,b.

Some Zeeman effects on the magnetoresistance in
disordered metals have already been discussed. Lee and
Ramakrishnan' studied the magnetoresistance due to
the Zeeman effect on the effective electron-hole interac-
tion in the diffusion channel. This effect has no singular
behavior near the superconducting transition tempera-
ture. The Zeeman effect changes the interaction in the
Cooper channel also. It leads to a change of the electron
density of states and therefore to a change of the resis-
tance with magnetic field. ' Neglecting the orbital
eff'ect, we will evaluate the Zeeman contribution to the
density of states in two dimensions. By the relation be-
tween the density of states v ' and the conductivity a ',
the magnetoconductance h, o ' becomes

(c) e'D "" ~v" (~)
dM4kTd" — cosh (co/2kT)

2
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phase relaxation time T:~ is small and it has a similar
temperature dependence as the conductivity. The origin
of the phase relaxation time is not known although the
temperature dependence of the conductivity has been
discussed by many diff'erent theories. ' Our finding of
the importance of the Zeeman effect is also of interest in
the discussion of Anderson localization in normal metals,
such as quasi-two-dimensional systems.
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