
VDLUME 73, NUMBER 20 PHYSICAL REVIE% LET TERS 14 NovEMaER 1994

Pair Breaking by Spin-Disorder Scattering at the Antiferromagnetic Transition of the Dy3+
Sublattice of DyBazcu307 p Films

K. M. Beauchamp,
' G. C. Spalding, %.H. Huber, and A. M. Goldman

Center for the Science and Application of Szzperconductizity azzd School of Ph& sic' 'and Astronomy, Unizersity of Minnesota,
Minneapolis, MiriIiesota 5545$

(Received S April 1994)

A peak in the temperature dependence of the resistance of ultrathin, granular DyBa. Cu&07; films
has been found near the Neel temperature T, of the Dy-' sublattice which orders as a 2D Ising
antiferromagnet. The shift of the position of the peak to lower temperatures with increasing magnetic
field is consistent with it being a signature of T&. These observations are attributed to the suppression of
intergranular Josephson coupling by pair breaking, resulting from enhanced intragranular spin-disorder
scattering of quasiparticles near the transition.

PACS numbers: 74.72.Jt, 74.76.Bz, 75.40.Gb, 75.50.Ee

The substitution of trivalent magnetic rare earth ions
R'+ for Y ions in YBa2Cu307 & to form RBa2Cu~07 q

(R123) [I] results in materials which are reminiscent of
those used earlier to investigate the interplay of super-
conductivity and magnetic ordering, i.e., the rare earth
rhodium borides and Chevrel phase compounds [2]. The
coupling between carriers and local moments in the R123
compounds, although weak on the scale of the supercon-
ducting condensation energy, may nevertheless be large
enough to result in spin-disorder scattering which is pair
breaking. The latter may be enhanced near the Neel
temperature T~ of the antiferromagnetic transition be-
cause of fluctuations. However, values of T~ of the rare
earth sublattiees are much lo~er than superconducting
transition temperatures, and the critical magnetic fields
of the R123 compounds at low temperatures are very
large. Thus one would not expect to observe any sig-
nature of antiferromagnetic ordering in measurements of
either critical magnetic field or electrical resistance. As a
consequence, information pertaining to the magnetic tran-
sitions of the R sublattices of superconductors has come
from neutron scattering [3] and specific heat studies [4].
The Dy-'+ sublattice has been found to be well described
by the 2D Ising model.

In this Letter we report the observation of a peak in the
temperature dependence of the resistance R(T) of ultra-

thin, granular Dyl23 films near Tzv ((I K) of the Dy-"
sublattice. The films were unusual in that they exhib-
ited nonzero resistances down to temperatures well be-
low T&. This was a consequence of their properties being
close to those of films at the zero-field superconductor-
to-insulator transition which we reported on previously in
Ref. [5]. We argue that the peak below 1 K results from
the reduction of the intergranular Josephson coupling by
pair breaking due to enhanced intragranular spin-disorder
scattering near T&. The peak moves to lower tempera-
tures with increasing magnetic field (applied perpendicu-
lar to the film plane), consistent with expectations for an

Ising antiferromagnet [6]. These observations provide ev-
idence of the interaction between the magnetic degrees of

freedom of the R sublattice and the superconductivity of
the R123 compounds. They are also the first example of
an observable effect of spin fluctuations associated with a
magnetic transition in a Josephson-coupled system.

Ultrathin DyBa2Cu307 q fi1ms were prepared using
the technique of ozone-assisted molecular-beam epitaxy.
Their structural and chemical characterization has been
described elsewhere [5,7]. The films, which were two-
to-three unit cells thick, were gro~n heteroepitaxially on
SrTiO~ single-crystal substrates and consist of grains with
characteristic linear dimensions estimated to be on the
order of 100—200 A. Films were typically 2.24 mm long
and 0.75 mm wide and were measured using currents
typically the order of 0.05 p, A which for a 40 A thick
film corresponds to a current density of 1.65 A/cm2. The
I-V characteristics were linear up to currents in excess of
the measuring current.

Figure 1 shows a plot of R(T) from room tempera-
ture down to 100 mK for a film with a sheet resis-
tance near the quantum resistance for pairs [5]. The
onset of superconductivity begins at a temperature not
far below 90 K. However, intergrain coupling is initially
sufficiently weak that zero resistance is not established.
Instead, the development of phase coherence within grains,
accompanied by an opening of a gap in the quasiparticle
density of states, leads to the first sign of superconduc-
tivity being an abrupt change in the sign of dR/dT and a
rise rather than a dmp in resistance. As the temperature
is reduced further, Josephson coupling begins to overcome
intergranular phase fluctuations, and near 40 K there is a
downturn in resistance. This behavior has been found in
the "weak-coupled" limit of models of granular films in

which the films are treated as Josephson-coupled arrays
[8]. These features imply that although the film is resis-
tive, its constituent grains are superconducting at low tern-

peratures and are coupled by tunneling.
Further support for this picture is the process of

"aging" of films in vacuum at room temperature, an effect
associated with oxygen depletion at grain boundaries,
where oxygen is mobile [7]. With aging, the high
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FIG. 1. Temperature dependence of the resistance of a
Dyaa2Cu30» film with properties close to the insulating state
on the superconducting side of the superconductor-to-insulator
transition. The peak near 40 K is attributed to the gap opening
up within the grains, whereas that below 1 K is attributed to
the antiferromagnetic transition of the Dy'+ sublattice. The
Neel temperature is given by the temperature at which the
low temperature peak is found, after a linear background
subtraction is made.

temperature resistance increases and the temperature of
the onset of superconductivity is weakly suppressed, but
the temperature at which the resistance turns down is
strongly suppressed. This is consistent with a weakening
of Josephson coupling with aging, and indicates that
film resistances at low temperatures are associated with
intergranular tunneling effects. When the films first
become insulating (R ~ as T ~ 0), either through
aging or application of a large (&6 T) magnetic field,
the high temperature peak is still present, indicating that
the grains are still superconducting, although the phase
coupling is disrupted [5].

In analyzing magnetoresistance data in Ref. [5], we
interpreted the low-field peak in R(H) as a signature
of a reentrant superconductor-insulator transition. Here,
with the observation of a zero-field peak in R(T, O), to-
gether with detailed curves of R(T, H) exhibiting low-field
magnetoresistance peaks, we are led to a reinterpretation
of this phenomenon (observed in all six DBCO films).
The fact that a zero-field peak is found near T~ of the
Dy3+ ions strongly suggests that it is a consequence of
spin-disorder scattering, associated with enhanced fluctua-
tions found near TN. Four possible mechanisms for this
phenomenon involving tunneling are intragranuIar spin-
disorder scattering, such as is found in antiferromagnetic
metals [9]; intergranular Josephson tunneling with spin
flip [10]; intergranular single-particle tunneling, involv-
ing localized magnetic moments in the regions between
grains; and intragranular spin-flip scattering, resulting in
pair breaking. The latter, which we argue is the relevant
one, would suppress the magnitude of the order parame-
ter on the grains, thus reducing the effective intergranular
Josephson coupling [11,12]. Because the grains are su-

perconducting, their intragranular resistance is zero, rul-

ing out the first mechanism. The microscopic dynamics
of the spins will not show up in the amplitude of the in-

tergranular Josephson current, because the upper limit on
the tunneling time is the lifetime of the virtual interme-
diate state in perturbation theory. This lifetime, propor-
tional to the inverse of the superconducting energy gap, is
much shorter than spin fluctuation times, which are pro-
portional to TN' and are the order of (1 K) ' [l3]. Fluc-
tuating magnetic fields in the barrier associated with the

spin dynamics which can affect the phase of the Josephson
current will decrease the tunneling resistance rather than
increase it [14]. These considerations rule out the inter-

play of the Josephson current and the spins in the barrier.
Single-particle tunneling via localized magnetic states in

the regions between grains can be ruled out, because it
would be expected to lead to zero-bias conductance peaks
which were not observed in any of the films [15].

The nature of pair breaking in superconductors near
an antiferromagnetic transition of a magnetic sublattice
has been treated by Ramakrishnan and Varma [11],and

parts of their analysis were applied to the problem of
Josephson tunneling in the antiferromagnetic supercon-
ductor SmRh4B4 by Vaglio, Terris, Zasadzinski, and Gray
[12]. In that work, pair breaking decreased as the antifer-
romagnetic state was entered, and enhanced fluctuations
above the Neel temperature were not observed. However,
Ramakrishnan and Varma showed that in the quasielastic
scattering limit, the pair-breaking parameter p of an anti-
feromagnetic superconductor is given by

3J g @(q)~(q).
77

q

where J is the exchange interaction between the carriers
and the localized Dy3+ magnetic moments. The quantity

y(q) is the wave-vector-dependent spin susceptibility of
those moments, and P(q), the joint density of states, is
given by

(2)

These equations determine the magnitude of the scattering
by various wave-vector components of g(q), which is
peaked at the antiferromagnetic wave vector g. The
result for p resembles that obtained in the study of
the temperature dependence of the resistivity near T& in
conducting antiferromagnets in which @(q) is proportional
to the momentum transferred to the scattered carriers by
spin fluctuations [16]. In that problem there is no critical
behavior in the largest contribution to the resistivity. The
result for the pair-breaking parameter p is similar with the
leading correction in the asymptotic limit of the transition
(Ap)«, , —)(T —T&)/T&)', where u is the specific heat
critical index which vanishes for a 2D Ising system [11].
In the present problem, that of a high-T, superconductor
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Q ) 2kF [17], one expects a broad peak in the pair-
breaking parameter slightly above Tz [16]. The nature
of the complicated band structure, together with the spin
susceptibility, will determine the actual behavior. If P(q)
is substantial in the region of the q space in which g(q)
peaks, then pair breaking should increase [13]. For a 2D
Ising system, it might be possible to compute b, p(T) in
detail over an extended temperature range [18].

We consider how intragranular pair breaking affects the
behavior of a single junction as a step towards explaining
granular film behavior. If the I-V characteristic of a
junction is broadened by phase Auctuations, then the
voltage drop at fixed current, and thus the junction
resistance, will be inversely proportional to the maximum
Josephson current Ii. At T = O, li = 7rh/2eR~, where
R is the normal tunneling resistance. The energy
gap in the small pair-breaking limit is then 5 = 50—
fm. /2]k&T, p, where b, o is the gap in the absence of pair
breaking, and p is the full pair-breaking parameter [19].
The latter can be written as p = po + Ap(T), where

po ls the pair-breaking parameter in the paramagnetic

(a)

(b)

phase, and Ap(T) is the temperature-dependent part of
the pair-breaking parameter due to spin-disorder scattering
near T&. The resistance of the junction, for small pair
breaking, is then proportional to the inverse of the
Josephson coupling:

2eRg vr ks I-,
1

—— —' Ap(T)

where 5 = 3 — (~ '/2)k-BT, po is the average value of the

gap in the paramagnetic phase [20].
The behavior of single junctions is relevant to that of

granular films. If films were modeled as a square arrays
of identical junctions, then the resistance of one junction
would be that of the array. A more realistic model would
be a 2D random network of junctions. The sheet resistance
of such a network can be seen to be (approximately) the
median resistance of the random array [21]. Thus these
arguments predict a peak in the resistance of the granular
film, the shape given by the temperature dependence of the
pair-breaking parameter of a single junction.

Figure 2 shows a series of plots of the sheet resis-
tance R,„vs T in different fields. We have not carried
out an analysis of background effects here, as the Aux
flow resistance and the superconductor-insulator transi-
tion which occur at high fields [Fig. 2(a)] are hard to
quantify [5]. The peak at low fields and temperatures
associated with the magnetic transition, as shown in

Fig. 2(c), is clearly distinct from the high-field behav-
ior of Figs. 2(a) and 2(b). The low temperature peak of
Fig. 1, seen in detail as the zero-field trace of Fig. 2(c), is
significant over roughly the same fractional temperature
range as that over which there is a significant specific
heat signature in the 2D Ising model [22]. In addition
to the enhancement of pair breaking above T~, the sharp
drop in resistance below T~ suggests a reduction in pair
breaking in the antiferromagnetic phase relative to the
paramagnetic. The effective phase diagram of the anti-
ferromagnetic transition, shown in Fig. 3, was mapped
out taking the transition to be the locus of points in 0
and T of the maxima of the peaks of R(T, H) at fixed H
of Fig. 2(c). The effect of increasing magnetic field is

5-
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0.50—
FIG. 2. Evolution of the temperature dependence of the
resistance with magnetic field where the arrows point in the
direction of increasing field. Some field values are repeated
in the plots to maintain continuity in the data. (a) Fields of
1.3, 5.0, 6.0, 6.3, and 7 T showing a superconductor-insulator
transition between 6.3 and 7 T, at fields much higher than
those of interest here. (b) Fields of 0.55, 0.8, 0.9, 1.0, and
1.3 T showing decreasing resistance with field at temperatures
below about 1.5 K. (c) Fields of 0, 0.05, 0.1, 0.2, 0.3, and
0.55 T displaying a peak in R(T, H), which is suppressed with
increasing magnetic field.
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FIG. 3. The location in field and temperature of peaks in
R(T, H) of 2(c) are shown as points. The dashed line shows
the extrapolation of the transition to 7 = 0.
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to shift T~ downward as expected, since a uniform mag-
netic field is not thermodynamically conjugate to the or-
der parameter of an antiferromagnet. The peak is driven
towards T = 0 at H —0.33 T. Above this field the low
temperature resistance drops [Fig. 2(b)], indicating that
the shift in T& is not due to Aux How resistivity. In the
T 0 limit, the critical field H, of the 2D Ising model
is given by H, = zJ/2p, [23]. Taking the coordina-
tion number of the Dy3+ ions, z = 4, the exchange con-
stant, J = 0.44k~T~, where T~ = 0.6 K, and the mag-
netic moment of the Dy3+ spins, gs = 7.0ps [15], one
finds H, = 0.33 T, which is close to the value extrapo-
lated from the graph. We also expect the spin system to
undergo a spin-Aop transition which is not evident in our
data. An independent phase diagram similar to ours has
been mapped out for the Dy3+ ions in Dy123 by mea-
suring specific heat [24].

In summary, we have observed a well-defined peak in

R(T) in zero magnetic field in granular Dy123 films at a
temperature very close to the Neel temperature of the Dy +

sublattice. We argue that this peak is a consequence of
the suppression of intergranular Josephson coupling by in-

tragranular pair breaking, resulting from the spin-disorder
scattering of quasiparticle excitations near Tz. The width
of the peak is qualitatively consistent with the 2D Ising
character of the antiferromagnetic transition. The critical
field at which the peak is suppressed to zero temperature
is close to that expected for a 2D Ising antiferromagnet.
These results are the first example of identifiable conven-
tional pair-breaking effects in a high-T, material caused by
the R + lattice. They are also the first example of enhanced
spin fiuctuations near an antiferromagnetic transition in a
Josephson-coupled system.
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