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Critical magnetic field in layered snpercondnctors
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The nature of the dependence H, 2(T) is greatly affected by the presence of magnetic impurities. The
scattering leads to change in the sign of the curvature and, consequently, to an increase in the value of
H, z. The theory allows one to explain recent experimental data with the overdoped cuprates; the
behavior drastically different from the conventional picture has been observed. The calculations are in
excellent agreement with the data.
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This paper is concerned with the magnetic properties
of layered superconductors (e.g., cuprates, organic ma-
terials, etc.). More specifically, we focus on the unusual
temperature dependence of the critical magnetic field H, 2
in these materials. As is known, the behavior of conven-
tional superconductor s is described by Helfand-
Werthamer (HW) theory' (see also Refs. 2—6) and is
characterized by a saturation of H, z(T) for T~O. It will
be shown below that the behavior of layered supercon-
ductors can be entirely different. Contrary to the conven-
tional picture, they can display a positive curvature of
H, 2(T) over a wide temperature range. Moreover, near
T=0 K, H, z increases almost linearly toward the finite
value H,z(0):H, 2(T =0 K), —which greatly exceeds the
value H, 2(0)„„„.The effect is caused by the presence of
magnetic impurities and their ordering at low tempera-
tures.

Our study was motivated by the recent observation of
an exotic temperature dependence of H, 2( T) reported in
Refs. 7 and 8. These experiments studied H, 2(T) in
TlzBa2CuO6 (Ref. 7) and Bi2Sr2Cu06 (Ref. 8) and ob-
served a dependence drastically different from the con-
ventional picture. ' It turns out that in the cuprates
d H, 2/BT & 0; near T~0 one observed an almost linear
temperature dependence. Similar behavior was observed
previously for other layered superconductors, " includ-
ing other cuprates and organics. '

Consider a layered superconductor containing magnet-
ic impurities. Near the critical Aeld H, 2, the order pa-
rameter b (r) satisfies the linear equation

b =2XA .

Here Q =(d/dp 2ie A) and—A, =eH, 2.
' Our approach is

based on the method of integrated Green's functions
developed in Refs. 2 and 3. The critical magnetic field

H, 2 can be determined from the following general equa-
tion, which is valid in three-dimensional (3D) as well as in
2D cases: '

D, (co„,H) =(sgnco„)J(co„,H)[l (r '——v; ')J(co„,H)]

co„=(2n + 1 )m. T, r, is the spin-fiip scattering relaxation
time, and w describes the usual elastic scattering. The ex-
plicit expression for the kernel J(co,H ) depends on
dimensionality. The expression for the 3D case was de-
rived in Refs. 4,5. We are interested in layered struc-
tures. One can show that in this case the function
J(co,H } has the form

J(to„,H }=(2/tteHv )'~

X dy exp —y arctan U 2eHy ' a, 3

where a=2'„+v '+~, ' and U is the Fermi velocity.
We focus on the case H~~c.

%'e consider the case when the parameter ~ ' is small
(r ' « trTc, "clean" case). On the other hand, we allow
the spin-Qip scattering channel to be important, so that
I =~, '~mT, . The presence of a layered structure al-
lows one to combine the condition I =~, '&mT, with
the condition r ' «m T, (clean case) for the usual elastic
scattering. This is due to the possibility of an out-of-
plane location of the magnetic moments (see Ref. 12); as a
result, the in-plane momentum transfer can be small,
despite the large value of the amplitude for the spin-Aip
process. Based on Eqs. (2) and (3), we obtain

ln(2yl „/mT) —[/[0.5+(I /2m T)]—f(0.5)] =f (H, T),
(4)

f(H, T)=(eHu /I )(I '[/[0. 5+(I /2nT)]
—/[0. 5+(I /4'

T�)]]
(4n.T)—
Xt/i'[0. 5+(I /2~T)]) .

Here g is the psi function, lny=C=0. 58 is the Euler
constant, and I „corresponds to the complete suppres-
sion of superconductivity (T, =0). We assume also that
a=eHv /I «1. If a) 1, one should use directly Eqs.
(2) and (3). One should note that, strictly speaking, I de-
pends on temperature (see below), so that I = I ( T).
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+0.12(AT/I ) ] . (5)

Let us focus on the low-temperature region T « T, . If
the parameter I is temperature independent (cf. Refs.
13—15), then we obtain a smooth, almost quadratic
dependence H, 2( T). However, if I depends on the tem-
perature (see below), the picture becomes entirely
different. It is important to stress that, because of the
large value of I, a relatively small change in the latter
leads to a noticeable change in the value of H, 2. Of
course, the smallness of ~ ' is also an important factor.

The parameter I describes the spin-Hip process. In al-
most the entire temperature region (except for a small
area near T =0; see below), this parameter can be treated
as temperature independent: I =I =const for T &)0,
8 « T, (8 is defined below). The picture is similar to that
described in Refs. 13 and 14. Indeed, the leading term in
the amplitude of spin-Hip scattering by magnetic impuri-
ties does not depend on the temperature; the small Kon-
do term was neglected in Refs. 13 and 14. However, in
the low-temperature region, the impurities become or-
dered (see, e.g., the discussion in Ref. 15). This ordered
state arises for T & 0. The value of 0 depends on the ma-
terial; for the cuprates 0=1 K, see below. In this region
the usual spin-Aip process, described by the amplitude I
and based on total spin conservation, is forbidden. How-
ever, the spin-fl. ip processes can also be governed by the
dipole-dipole interaction (see, e.g., Ref. 16):
V= —3p,p, (o., r) (o.; r)/r, where r is the distance be-
tween the electron and the impurity; this interaction does
not conserve total spin. Its amplitude at T =0 is related
[see Eq. (6)] to the value of H, 2(0). Note that I o& I
As a result, the amplitude I becomes temperature depen-
dent in the low-temperature region T &0 as I decreases
from I to I 0. The temperature dependence I (T) can be
represented in the form

I =I (j(r), f(r)=(1+P~)/(1+r) .

Here r= TO ' and P=I /I o; in our case, r, »1.
Equation (4) can be rewritten in the form

ln(T, /T) —[/[0. 5+(I /2mT)]

(6)

—/[0. 5+P(I o/2m T, )]]=f (H, T) . (7)

If we start with an ordinary layered superconductor
characterized by an intrinsic critical temperature T,o and
add to it magnetic impurities; then, Eq. (5) at T=T,
(here H=H, &=0) and the relation I „=~T,o/2y allow
us to calculate the value of I =pI o, which is determined
by the concentration of impurities (see Ref. 13). As for
the parameter I o, its value is directly related to the value
of H, 2(0). Therefore, the dependence I (T) and, conse-

Equation (4) is a general equation which allows one to
evaluate the temperature dependence of H=H, z in the
presence of magnetic impurities. If the condition
I »m T, is satisfied, one can reduce Eq. (4) to the form

ln( I „/I ) —0. 17(nT/I ) +0. 12(mT/I )

=(eHv /I )[ln2 —0.5 —0.67(vrT/I )

quently, the shape of the function H, 2( T) are determined
by a single parameter 0. This parameter is sample depen-
dent, although, in principle, its value can be derived from
microscopic theory. Nevertheless it can be used as a sin-
gle adjustable parameter, allowing one to describe the
dependence H, z( T).

The situation with the cuprates ' is different. The fact
of the matter is that even samples with optimum doping
(when T, = T, ,„) contain some magnetic impurities (see
the review in Ref. 17). For the T128a2Cu06 compound
studied in Ref. 7, the presence of impurities was directly
demonstrated by heat capacity data in Ref. 18. In this
case the value of I „is unknown, and it is more con-
venient to use Eq. (7). Then we have two adjustable pa-
rameters p and 8. It is remarkable, nevertheless, that we
can describe the dependence H, 2(T) in the entire temper-
ature range T & T, . One can see from Figs. 1 and 2 (see
below) that our simple model provides a description
which is in excellent agreement with experimental data.

Equations (4)—(7) allow one to reconstruct the depen-
dence H, 2(T). One can see directly from Eq. (6) that the
temperature dependence I (T) leads to a deviation of H, 2

from the simple quadratic HW form' and to an increase
in the value of H, 2. It is also perfectly realistic for the
curvature of this dependence to change (see below and
Fig. 1). As was noted above, the peculiar structure of
Eqs. (5) and (6) leads to the situation when even a rela-
tively small change in I leads to a very strong effect on
H, 2 (see below). The ordering leads to a weakening of the
pair-breaking effect. As a result, the superconducting
properties are less depressed and this leads to an increase
in H, 2.

We believe that the model is directly related to the sit-
uation observed in Refs. 7 and 8, and we now turn our at-
tention to these data. Experimental studies, carried out
on overdoped samples of T12Ba2Cu06 (Ref. 7) (T, =14 K)
and Bi2Sr2Cu06 (Ref. 8) (T, =18.5 K) revealed unusual
magnetic properties of the cuprates. Overdoping leads to
a drastic decrease in T„and this allows one to measure
H, 2 in the entire temperature region. We conclude that
the strong depression of T, [for example, the critical tem-
perature of the sample prior to overdoping was 85 K
(Ref. 7)] is due to the presence of magnetic impurities.
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FIG. 1. Dependence H, 2(T) for T128a2CuO6, diamonds, open
circles, and open squares, experimental data (Ref. 2); solid line,
theory.
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FIG. 2. Dependence H, 2(T) for Bi2Sr&Cu06, solid squares,
experimental data (Ref. 3); solid line, theory.

Indeed, it has been reported in a number of papers (see,
e.g., Refs. 19 and 20 and also the review in Ref. 21) that
the overdoped cuprates are characterized by gapless
behavior. According to Ref. 21, this gaplessness is
caused by the presence of localized magnetic moments; as
was noted above, their presence has been detected in Ref.
17. Note also that the sample used in Ref. 7 is in a clean
state. (According to Refs. 7 and 22, the sample is charac-
terized by a large mean free path l =10 A; this value is
determined from normal conductivity data. Probably,
this means that the doping is accompanied by the forma-
tion of the local magnetic moment on the 0-Ba layer. )

As a result, the model described above is fully applicable.
Let us consider the T12BazCuG6 compound. For this

material T, = 14 K and H, 2(0) =15.8 T (Ref. 7) (one can
also use v =10 cm/sec; see, e.g. , Ref. 23). The parame-
ter I 0 is calculated to be I 0=95 K; see the discussion
preceding Eq. (7). Based on Eq. (6), we calculated the
dependence H, 2( T) for the entire temperature range (the
parameters are 8=1.05 K, 13=1.37). Figure 1 demon-
strates that the theory is in excellent agreement with the

experimental data.
One can see that, indeed, a relatively small change in

the scattering amplitude (=0.35) leads to a sharp in-
crease in the value of H, 2, particularly in the low-
temperature region. Such an increase leads to a positive
curvature; its sign is opposite to that in conventional HW
theory. The sample studied in Ref. 7 has T, =14 K. The
value of T, can be varied by changing the oxygen content
5& (see Ref. 18); the index k denotes samples with T,k.
According to Eq. (4), I'„=40.6. Using Eq. (4) for sample
k at T, = T,k, one can calculate I 0. Then, based on Eqs.
(6) and (7), one can evaluate the dependence H, 2(T) for
sample k using just one adjustable parameter 0 . We
would like to point out that it would be interesting to
measure H, 2(T) for samples with various levels of over-
doping. The data obtained in Ref. 8 for the Bi2Sr2CuO(
compound also can be analyzed in a similar way (see Fig.
2; the parameters are 8= 1.67 K, P= 1.43). One can see
again that there is very good agreement with the data.

In summary, the magnetic properties of layered super-
conductors, and, in particular, the nature of the depen-
dence H, 2( T) are greatly affected by magnetic impurities.
Their presence leads to a positive curvature, in complete
contrast with the conventional picture' and, consequent-
ly, to an increase in the value of H, 2. Our theoretical cal-
culation allows one to explain recent experimental data '

on overdoped cuprates; Figs. 1 and 2 demonstrate an ex-
cellent agreement of the theory with the data. It is in-
teresting to note that this analysis not only allows one to
explain experimental data such as the data in Refs. 7 and
8, but indicates that it is possible to modify the behavior
of H, 2 by the additional magnetic impurities.
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