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1. INTRODUCTION

Studies of various groups of high-temperature
superconductors (HTSC) subjected to ion irradiation
have revealed an anomalous character of variation of
the upper critical magnetic field with increasing radia-
tion defect concentration [1, 2]. The classical growth of

 

H

 

c

 

2

 

, which is usually caused by electron scattering from
radiation-induced defects, was not observed. Attempts
to noticeably increase 

 

H

 

c

 

2

 

 even by irradiating high-
quality epitaxial films to doses that did not give rise to
a change in the critical temperature with increasing
electrical resistivity were unsuccessfull.

Studies of conventional superconductors featuring
the phonon mechanism have shown that scattering from
defects plays a dominant role in the variation of the
upper critical field in the cases where irradiation does
not produce noticeable changes in the electronic struc-
ture. This situation can be exemplified using the NbC
superconducting compound [3, 4]. In other cases, for
instance, in Nb

 

3

 

Sn, where the electronic characteristics
undergo a strong variation, it is this variation that deter-
mines the behavior of 

 

H

 

c

 

2

 

 under irradiation [5].

This publication reports on a study of the effect of
radiation defects on the variation of electronic charac-
teristics and conduction-electron scattering in elec-
tronic and hole cuprate HTSCs, as well as of the part
that these variations play in the anomalous behavior
of 

 

H

 

c

 

2

 

.

2. EXPERIMENT

We studied 

 

c

 

-oriented epitaxial films of
YBa

 

2

 

Cu

 

3

 

O

 

7 – 

 

δ

 

 (YBCO), HoBa

 

2

 

Cu

 

3

 

O

 

7 – 

 

δ

 

 (HBCO), and
Nd

 

2 – 

 

x

 

Ce

 

x

 

CuO

 

4 – 

 

δ

 

 (NCCO) prepared 

 

in situ

 

 by two-
beam laser ablation [6, 7]. The films were irradiated by
energetic helium ions at room temperature and at 

 

T

 

 =
77 K [8]. We measured temperature dependences of the
electrical resistivity in a normal state and investigated
the resistive superconducting transitions in a dc mag-

netic field oriented perpendicular to the film surface.
The temperature dependence of the upper critical field

 

H

 

c

 

2

 

(

 

T

 

) was determined from the shift of the resistive
transition.

3. RESULTS AND DISCUSSION

Figure 1 shows the superconducting resistive transi-
tions in an NCCO epitaxial film observed in a magnetic
field before and after irradiation of the film to a low
helium ion dose. We see that although the electrical
resistivity 

 

ρ

 

 of the material increased almost twofold as
a result of the irradiation, the temperature dependence
of 

 

H

 

c

 

2

 

 virtually did not change. Irradiation to higher
doses changed the slope –

 

dH

 

c

 

2

 

/

 

dT

 

 of the temperature
dependence of the upper critical magnetic field only
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Fig. 1.

 

 Superconducting transitions in an epitaxial NCCO
film in a magnetic field before and after irradiation by ener-
getic He

 

+

 

 ions to a dose of 1 

 

×

 

 10

 

13

 

 cm

 

–2

 

. Curves (

 

1

 

–

 

5

 

) were
obtained in magnetic fields 0, 5, 10, 20, and 30 kOe, respec-
tively. Determination of the electrical resistivity in a normal
state near 

 

T

 

c

 

 of the original (

 

ρ

 

0

 

) and irradiated (

 

ρ

 

irr

 

) samples
is shown.
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weakly even when the critical temperature 

 

T

 

c

 

 decreased
strongly.

The broadening of the superconducting transition in
the YBCO and HCCO films in a magnetic field was
stronger [5]. Under irradiation, the slope –

 

dH

 

c

 

2

 

/

 

dT

 

decreased approximately proportional to the critical
temperature.

The variation in 

 

H

 

c

 

2

 

 of the cuprate HTSCs observed
to occur under irradiation was found to be very similar
to that of the part of 

 

H

 

c

 

2

 

 of conventional superconduc-
tors that is commonly called the clean-base term
(Fig. 2).

In the absence of scattering, the slope (–

 

dH

 

c

 

2

 

/

 

dT

 

)
corresponds to the clean-base term determined by the
quantity 

 

T

 

c

 

/

 

〈

 

v

 

2

 

〉

 

, where 

 

〈

 

v

 

2

 

〉

 

 is the Fermi surface-aver-
aged square of the Fermi velocity [9, 10]. Scattering
from defects increases the upper critical magnetic field
[11, 12]. The slope of the temperature dependence

 

−

 

dH

 

c

 

2

 

/

 

dT

 

 near 

 

T

 

c

 

 can be written, with inclusion of scat-
tering, as

(1)

The quantity 

 

λ

 

tr

 

 grows with decreasing electron
mean free path 

 

l

 

 or relaxation time 

 

τ

 

 = 

 

l

 

/

 

v

 

*:

(2)

Here, 

 

�

 

 is the Planck constant, 

 

k

 

 is the Boltzmann con-
stant, and 

 

ξ

 

0

 

 = 0.18

 

�

 

v

 

*/

 

kT

 

c

 

. The above expressions are
written for a tight-binding superconductor, where 

 

τ

 

* =

 

τ

 

(1 + 

 

λ

 

) and 

 

v

 

* = 

 

v

 

/(1 + 

 

λ

 

), with 

 

λ

 

 being the electron–
phonon coupling constant.

The effect of electron scattering from radiation
defects on 

 

Hc2 was demonstrated in the case of the con-
ventional superconductors NbC and Nb3Sn in [3, 5]. In
the case where defects do not affect the electronic struc-
ture and Tc noticeably, the variation of the Tc/〈v*2〉  fac-
tor (or the clean-base term) in Eq. (1) is relatively small.
The increase in Hc2 is caused by the growth of λtr, which
is a result of the decrease in the mean free path.

We note that scattering from normal impurities and
defects in conventional superconductors does not affect
the critical temperature (Anderson’s theorem) [13]. The
variation in Tc is connected in this case with a variation
in the electronic characteristics.

Unlike Tc of conventional superconductors, the crit-
ical temperature of high-temperature cuprates is sensi-
tive to scattering. This is connected with the odd d-
wave symmetry of the order parameter [14], which has
been revealed in both hole and electronic HTSCs [15,
16]. Estimates made for a fairly pure superconductor
with an odd order parameter suggest that the critical
temperature in the case of scattering from defects can
be written as Tc = Tc0(1 – π�/(2kTc0τ)) [17]. Here, Tc0 is

dHc2/dT–
Tc

v ∗ 2〈 〉
-------------- 1 λ tr+( ).∼

λ tr
�

2πkTcτ∗
--------------------- 0.882

ξ0

l
-----.= =

the critical temperature in the absence of scattering and
�/(πkTc0τ) � 1. In view of Eq. (2), we can recast this as
Tc = Tc0/(1 + π2λtr).

Thus, the scattering-induced decrease in the critical
temperature of a d-wave superconductor lowers the
upper critical magnetic field rapidly, so that the factor
(1 + λtr) in Eq. (1) can be neglected. As a result, the scat-
tering-induced variation of the slope –dHc2/dT for a
d-wave superconductor can be qualitatively described
by the expression

(3)

Equation (3) shows that the variation of the slope –
dHc2/dT for a d-wave superconductor is determined by
the ratio Tc/〈v*2〉  in both cases of variation of the elec-
tronic characteristics and changes in scattering.

This accounts qualitatively for the observed charac-
ter of variation of the upper critical magnetic field of
cuprate HTSCs with decreasing electron mean free
path.

HTSC irradiation changes not only the mean free
path but also the conduction electron concentration N.
The relation

(4)

(m and e are the effective mass and charge of an elec-
tron, respectively) shows that the electrical resistivity ρ
can grow both as a result of a decrease in the mean free
path caused by radiation defects and through a change
in the electronic characteristics.

dHc2/dT
Tc

v ∗ 2〈 〉
--------------

Tc0

v ∗ 2〈 〉 1 π2λ tr+( )
----------------------------------------.∼ ∼–

ρ mv

Ne2l
-----------=

1
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Fig. 2. Reduced slope (–dHc2/dT)irr/(–dHc2/dT)0 plotted vs.
reduced electrical resistivity ρirr/ρ0 for NbC, HBCO, and

NCCO films irradiated by He+ ions. (–dHc2/dT)0 and ρ0 are
the characteristics of the original sample. The dashed line
shows the variation of the clean-base term for NbC.
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Irradiation of cuprates brings about not only a
growth of the residual resistivity associated with
defects but also an increase in the slope dρ/dT of the
temperature dependence of the electrical resistivity
ρ(T) (Fig. 3). The temperature dependence of ρ is deter-
mined by that of the mean free path. If ρ(T) follows a
linear dependence, the slope dρ/dT can be considered
as a measure of the variation of the quantity mv/N
under irradiation. The ratio of dρ/dT to the resistivity ρn

close to Tc varies in proportion to the electron mean free
path under irradiation: 

(5)

This permits one to estimate the irradiation-induced
variation in l and mv/N from data on the temperature
dependence of ρ(T).

The irradiation-induced variation of mv/N and of
the electron mean free path l near Tc was directly esti-
mated for YBCO (Fig. 3) and HBCO [5], as well as for
NbC, which feature a close-to-linear dependence of the

1
ρn

-----dρ
dT
------ l.∼

electrical resistivity on temperature. In the case of
NCCO, for which the ρ(T) dependence is nonlinear,
qualitative estimates were obtained.

It was shown that irradiation of YBCO, HBCO, and
NCCO brings about a noticeable decrease in the elec-
tron mean free path in these HTSCs. Unlike conven-
tional superconductors, however, the slope −dHc2/dT
was not found to increase.

The decrease in the upper critical magnetic field
observed in HBCO may be due to a strong effect of
scattering on the critical temperature of the d-wave
superconductor. The small coherence length of hole
HTSCs, ξ(0) ~ 20 Å, makes realization of the pure-
superconductor approximation λtr � 1 possible, where
Eq. (3) becomes valid.

At the same time, estimates made for YBCO and
HBCO for low irradiation doses and for zinc substitut-
ing for copper [18] showed that the relative variation of
mv/N is comparable to that of 1/l or exceeds it. The
dependence of Hc2 on electronic characteristics may
turn out to be substantial in this case. In particular, a
decrease in the conduction electron concentration may
result in a fast decrease in Tc0 in Eq. (3) as the Fermi
level passes through the singularity in the density of
states [17]. In all cases, hole HTSCs exhibit a common
pattern of Hc2 variation; namely, the slope –dHc2/dT
decreases approximately in proportion to the critical
temperature (Fig. 5). One may think that the variation
of the quantity Tc/〈v*2〉  for these superconductors is
determined by that of Tc.
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Fig. 3. Temperature dependences of the electrical resistivity
of epitaxial films of high-temperature superconductors irra-
diated by He+ ions to various doses F equal to (a) (1) 0,
(2) 6 × 1014, (3) 1.6 × 1015, and (4) 2.6 × 1015 cm–2; and
(b) (1) 0, (2) 1 × 1013, and (3) 1 × 1014 cm–2.
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Fig. 4. Variation of reduced slope –dHc2/dT with increasing
reduced reciprocal mean free path of electrons l0/lirr mea-
sured for epitaxial films of the high-temperature cuprate
superconductors HBCO, YBCO, and NCCO irradiated by
He+ ions. (–dHc2/dT)0 and l0 are the characteristics of the
original sample. Shown for comparison are data for the con-
ventional superconductor NbC; dashed line is the clean-
base term.
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Electronic high-Tc superconductors NCCO and
SmCeCuO (SCCO) exhibit a weak tendency to a
decrease in the slope –dHc2/dT with decreasing critical
temperature as a result of irradiation or a change in the
oxygen content [19] and in the rare-earth content ratio
(Fig. 6). The values of the critical field near Tc (and of
the slope –dHc2/dT) obtained for these compounds
practically coincide [20, 21]. It is not possible to
enhance scattering considerably in these cuprates using
irradiation (Fig. 4). Even very low irradiation doses
bring about a decrease in the critical temperature,
because these compounds are superconducting within a
very narrow oxygen content interval. The quantity
mv/N also exhibits a noticeable variation. A decrease in

the conduction electron concentration (a change in the
Fermi level) can cause a decrease not only in Tc but also
in v*. Therefore, the observation of a small irradiation-
induced decrease in the slope –dHc2/dT for electronic
superconductors may be assigned to features in the
electronic structure which govern the variation of the
quantity Tc/〈v*2〉 .

4. CONCLUSION

Thus, it has been shown that the absence of growth
of the upper critical magnetic field in hole and elec-
tronic HTSCs observed to occur with decreasing elec-
tron mean free path under irradiation by energetic ions
may be accounted for by the d-wave symmetry of the
order parameter. The change in the conduction electron
concentration caused by radiation-induced defects
should play a substantial role in the variation of the
upper critical magnetic field. Under variation of the
electronic characteristics, the quantity Hc2 behaves
qualitatively similar to the clean-base term in the
expression for the upper critical magnetic field of a con-
ventional superconductor.
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