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Pair-breaking description of the vortex-depinning critical field in YBa,Cu3;0; thin films
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Tte penetration length A of c-axis-oriented thin films of YBa;Cu3O7 in perpendicular magnetic
fields H up to 14 T is determined from complex impedance measurements at 1.25 kHz. Vortex
core pinning determines the functional form of A(T,H). The observed nonlinear temperature
dependence of the depinning critical field, identified by A— oo, can be described within the con-
text of a pair-breaking formalism in which a type-II clean-limit pair-breaking rate (ccH'Y2) re-

places the dirty-limit rate (o< H).

The penetration length A, which defines the length scale
over which magnetic fields and currents vary, is one of the
more important parameters used to characterize a super-
conductor. Knowlzdge of A and its temperature depen-
dence also provides fundamental information about the
strength and type of superconducting coupling. The de-
tailed temperature dependence of A can be used, for exam-
ple, to distinguish between weak- and strong-coupled BCS
behavior.! For the high-T, superconductor YBa,Cu30y,
experimental results on sintered ceramics,? crystals,®*
and films® are in general agreement that the temperature
dependence of A is consistent with BCS predictions. In
the thin-film experiments, a complex impedance is ex-
tracted from ac scieening measurements and A is calculat-
ed directly from the inductive component.® The presence
of pinned vortices, induced by an external magnetic field
H, makes an additional contribution to this impedance’
and hence to A. At high enough fields this vortex-induced
contribution can dominate the electrical response and
hence, strongly aifect such properties as the transition
temperature, the critical current, and the screening.
Thus, an understanding of these effects is crucially impor-
tant to an understanding of the promise and potential of
the new high-T, superconductors.

In this Rapid Communication, we present measure-
ments of the temperature- and field-dependent penetra-
tion length A(T,E) of c-axis-oriented YBa,Cu30; films
with the magnetic field H applied parallel to the ¢ axis.
The functional form of A(T,H) at high fields (HXZ 1 T) is
shown to be a consequence of strong vortex pinning. At
fixed H, extrapolation of A(T) to a temperature where
A— oo enables a determination of the vortex-depinning
critical field Ho,(T) which delineates the boundary be-
tween the superconducting and resistive flux-flow phases.
The temperature dependence of H, near T, is not linear
as is H, in type-II superconductors, but rather nonlinear
with strong positive upward curvature. Such curvature,
also found from resistive transitions, appears to be ubiqui-
tous in high-T, superconductors®’ and has been attribut-
ed to critical fluctuations,”
Thouless line,”!! irreversible flux creep effects,® or inho-
mogeneities. Our own interpretation, supported by data
on two high-quality -'YBa;Cu307 films with thicknesses of
700 and 2400 A, invokes a pair-breaking description in
which a clean-limit pair breaker (o< H'2) replaces the
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a “quasi de Almeida- -

conventional dirty-limit pair breaker (o H). This clean-
limit pair breaker dominates when H is high enough (~1
T for our films) so that the distance between vortices is
smaller than the ab-plane quasiparticle scattering length.
It is in this regime that the phase depairing between two
quasiparticles defining a Cooper pair is dominated by
ballistic rather than diffusive propagation between vor-
tices. ’

The films were grown '2 with a strong c-axis orientation
on (100)SrTiO; substrates. Samples, approximately 3-4
mm in size with leads attached in a van der Pauw
configuration, were placed between two 1-mm-diam coils,
so that data on the resistance and screening transitions,
using a method previously described, could be simultane-
ously acquired. The two samples chosen for study, 700
and 2400 A thick, had narrow zero-field resistance transi-
tions, similar temperature dependence in both van der
Pauw components, and an absence of irregular features
such as bumps or tails in the resistive and screening tran-
sitions. The 700- and 2400-A samples had room-tem-
perature resistivities of 360 uQcm and 270 uQcm, re-
spectively, and the 2400-A sample had a critical current
density at 77 K of 1.8x10° A/cm?2. These values are indi-
cative of extremely high-quality samples.

Figure 1 shows a significantly broadened resistance
transition at H =14 T (%) when compared to the H =0 T
(@) transition. The reciprocal of A for the 14-T data (A),
derived from the screening measurements taken at 1.25
kHz, is seen to have a linear temperature dependence near
T. which extrapolates to a T.(H) of 63.80 K. This func-
tional dependence is different from the mean-field depen-
dence [\ "2 (T —T)] found at low fields (H S1 T) and
used to determine the H =0 transition temperature T,(0)
of this film (dashed arrow). Mean-field BCS dependence
at H =0 has also been reported previously for a similar
film 500 A thick.®

Perhaps the most noteworthy feature of the data pre-
sented in Fig. 1 is the identification and location of T.(H)
below the tail of the resistive transition and well below the
midpoint, an identification commonly used in H,, deter-
minations. We define T.(H) as that temperature where
A— oo, This procedure is to be contrasted with the usual
techniques of using field or temperature sweeps of the
resistive transition in conjunction with an extrapolative
procedure or an arbitrary percent-of-normal-state cri-
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FIG. 1. Temperature dependence for a 700-A-thick YBa,-
Cu30; film of R at H=0 (@), Rat H=14 T (x), and A ™' at
H=14 T (A). The solid-line fit extrapolates to the transition
temperature T.(H) at 14 T (dotted arrow). At H=0 a fit to
the linear dependence of A ™2 vs T (not shown) extrapolates to
T.(0) =87.78 K indicated by the dashed arrow.

terion.'®> Such techniques are adequate when the resistive
transition is narrow but become increasingly suspect for
broad transitions, a situation which is typical for high-T
superconductors.

Experimental uncertainty is introduced, however, be-
cause extrapolation to a temperature defining a diverging
quantity necessitates an assumption about the functional
form of the extrapolation. In Fig. 1, a linear dependence
of A ~! gives a good fit to data which unfortunately cannot
be extended to higher temperatures closer to T.(H) due
to uncertainty in the phase angle of the complex screening
signal® in a region dominated by magnetic-field-induced
dissipation. The extrapolation can be made over the en-
tire temperature range of the high-field data by using the
empirical functional form

x(T,H)-%Q{I%, ITSH=<14T,

(1)
where t=T/T.(H) is the normalized temperature and
A(0,H) is found experimentally to be proportional to
o2, Equation (1) has a (1 —¢) ! dependence for ¢t ~1,
in agreement with the linear temperature dependence of
A ! plotted in Fig. 1. ‘

The functional form of Eq. (1) was used to model the
temperature dependence of the screening data at each
field using three fitting parameters, A(0,H), T.(H), and
an additive constant representing a small base-line mutual
inductance in the unprocessed screening data. The linear
dependence of the fitting parameter A(0,H) on H'? is
shown in Fig. 2 for the 700-A (A) and 2400-A-thick films
(@), respectively. Near T.(H), Eq. (1) implies A(0,H)
= —2/T.(H)(d\r ~'/dT) |r,u). This relationship and the
values of T.(H) and (dA~'/dT)|r,a) calculated from
the linear fits such as shown in Fig. 1 allow a separate cal-
culation of A(0,H) which is found to be in good agree-

Hl /2 (T1/2)

FIG. 2. Magnetic field dependence of A(0) for the 700- (&)
and 2400-A-thick (@) films determined as described in the text
by using a multiparameter fitting procedure at each field over
the whole temperature range. The solid- and dashed-line fits
should not be extended into the crossover regime below H =1 T.

ment, especially for the 700-A film (A), with the values of
A(0) determined by the fitting procedure. This good
agreement is a self-consistency check for the functional
form, both in temperature and field, of Eq. (1).

In previous work’ it has been shown that the complex
sheet impedance Z, due to field-induced vortices will, at
sufficiently high fields, dominate over the inductive contri-
bution from the background pair condensate. A useful in-
sight into the functional form of Eq. (1) is gained by cal-
culating Z,, assuming uncorrelated vortex motion in har-
monic pinning potentials. In this approximation, each
vortex is independently pinned with a restoring force con-
stant k¥ and damping coefficient 1. The equation of
motion is nx +kx =drJ®o/c, where dr is the film thick-
ness, x the vortex displacement, ®¢ the quantum of flux,
and J®/c the Lorentz force per unit vortex length due to
an applied current density J. Combining this relation
with the Maxwell relation x =cE/H, we find the expres-
sion

E __iort

7z, -
*Jdr  1tior

(2)

Do
¢ty |’
where T=n/x is a characteristic temperature-dependent
response time. In the low-frequency strong-pinning limit
(0r<1) we see from Eq. (2) that Z,=iwL, where
L, =®oH/c?k is the pinning inductance which dominates

the response in this limit. To find the relation between A
and k we use the equation’ A% =L,c %dr/4x to calculate

: A 2 41" ¢0H

4rk
This result is equivalent to the “pinning penetration
length” calculated by Campbell ' from a different point of
view and found by him to be a measure of the small-signal

screening response of pinned vortices.
It is important to point out that the ac fields used in our
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measurements are typically on the order of 102 Qe, a
factor of 10 ~% less than the 1 T lower bound on the range
of H for which Eq. (1) describes the data. Accordingly,
the average vortex displacement resulting from the mea-
suring field is, for HX 1 T, less than 10 ™% of the spacing
between vortices. These small displacements of less than
10 73 A imply the sraall signal limit in which the vortices
are undergoing reversible excursions about their equilibri-
um positions rather than hopping from site to site as
would occur, for example, during flux creep.

For pinning which occurs on length scales comparable
to the coherence length &, an upper bound on the pinning
force can be found by equating the product of the energy
density HZ2/8x and the effective core volume z& 2dy to the
stored energy k&%/2, or k =H?2dr/4. Using Eq. (3) and
the approximation H,(¢) = H_.(0)(1 —¢2) for the critical
field H,(¢), it is straightforward to find

(‘POH) 1/2
T 2E,(0)(1—¢2)°

which has the same functional form as Eq. (1). Compar-
ing the slope dr(0,H)/dH '/ =(®y/x) " ?H.(0) ™! with
the experimental value of 0.14 ;umT_l/ 2 for the 700-A-
thick film (cf. Fig. 2), we estimate H.(0) =1.8 kOe. This
result for H.(0) has a value near thermodynamic esti-
mates'> and thus implies strong vortex pinning. The in-
crease of A with increasing H, shown by Eqgs. (3) and (4)
to be a consequence of vortex motion in a pinning poten-
tial, is detrimental to small-signal ac screening and thus
implies a heretofore. unrecognized intrinsic limit to tech-
nological applications of these materials in high magnetic
fields.

The divergence of A at T.(H) shown by the data of Fig.
1 is thus associated with vortex core depinning where the
pinning force, propartional to k, becomes negligible. The
temperature dependence of the vortex-depinning critical
field H¢p, shown for the 700-A-thick film in the inset of
Fig. 3, is seen to be nonlinear with positive curvature. Our
model for this nonlinearity is based on simple pair-
breaking theory!%!7 in which the ratio T,.(H)/T.(0) is re-
lated to a pair-breaking energy a Kk T,(H) by the equa-
tion

RO

A, H) = 4)

—ra
4kBTc(H) . (5)

We see in Fig. 3 that a pair-breaking energy ac« H 12
used in this equation gives an excellent fit to the HZ 1 T
data for both films, To account for this field dependence,
we recall that the pair-breaking rate 7, ! =2a/h is a mea-
sure of the time rate of change of the phase of the wave
function describing the pair.'® When the quasiparticles
move a distance Iz =(do/H)? between vortices, the
phase change is on the order of unity and the pair is bro-
ken. For a type-Il. dirty superconductor, the transport
scattering length /i, <ly is small and the pair-breaking
rate 7y =D/l% = DH/d, with diffusion constant D has
the dirty-limit forra. For ballistic propagation, I > Iy
and iy =vr/lg = vr (H/®o) /2, which is the form used in
Eq. (5) to characterize the data plotted in Fig. 3. Thus,
there is a crossover from diffusive (@ < DH) to ballistic
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FIG. 3. Plot of In[T.(H)/T:(0)] vs H"*/T.(H) for the 700-
(&) and 2400-A-thick (@) films showing the dependence con-
sistent with clean-limit pair beaking. The inset, which also in-
cludes data below 1 T, shows the upward curvature in Hc,(T)
for the 700-A-thick film.

(a cvpH 2) pair breaking near a length Iy ~1I~450 A
corresponding to the distance between vortices at =1 T.
From resistivity saturation arguments we would expect
the in-plane scattering length of YBa;Cu30- to be on the
order of 100 A, !° almost a factor of 5 less than the 450 A
at 1 T where we begin to observe ballistic behavior.

A physically intuitive understanding is gained '® by con-
sidering the magnetic vector potential A as the source of
an energy perturbation ¢ =evg- A/c on the paired quasi-
particles. Using the expression 4 = Hlg/2 for the in-plane
vector potential and vy =8.2x 106 cm/sec,!’’ we calculate
a and hence a “critical field” slope which is larger by a
factor of 3 than the slopes for the two films shown in Fig.
3. This estimate does not take into account the unknown
angular average of the quantity vp:A/|vrA|. Finally,
taking the average slope of 5.4 T ~!2 K for the two films
of Fig. 3 and solving for the pair-breaking energy o,
=0.88k5T.(0) necessary to suppress superconductivity at
zero temperature, '® 18 we find H,(0) =133 T.

Although the vortex contribution to A clearly vanishes
at T.(H), it is difficult to ascertain, because of H-field dis-
sipation, if the smaller background condensate term does
likewise. Recent dc magnetization measurements on
YBa,Cu;0y crystals? indicate a persistence of a diamag-
netic response to temperatures near the normal-state part
of the resistance transition, a response which is consistent
with a finite pair condensate part of the penetration depth.
We note, however, that the zero-field transition tempera-
ture T.(0), indicated by the dashed arrow in Fig. 1, has
been determined by extrapolation® of a BCS mean-field
temperature-dependent A and found to be located in the
low-resistance part of the transition. Thus, for this partic-
ular film, the temperature 7.(0) =87.78 K serves as an
upper bound for the existence of a finite pair condensate
extending uniformly over the entire film.

In conclusion, we have presented experimental results

'.'."M
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on the magnetic-field-dependent penetration length of c-
axis-oriented YBa,Cu30; films. The functional form of
A(T,H) for H=1 T has been shown to be a consequence
of strong vortex core pinning which vanishes at 7T, (H).
Extrapolation to a temperature T,(H) where A— o
determines the vortex-depinning critical field H,. The
phase boundary determined by Hp is well described by
simple pair-breaking theory and may be related to the
“melting” line found in mechanical measurements.?! The
upward curvature of H,(T) is intrinsic and is described
by a different set of parameters than those which have
been extracted from H,; measurements which are as-
sumed to reflect type-II dirty theory and which have been
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used almost universally to characterize the high-T, ox-
ides. Finally, use of accepted values for YBa;CusO; of
the thermodynamic critical field, transport scattering
length, and Fermi velocity in our models for A(T",H) and
H,, gives results in good qualitative agreement with the
data.
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