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Thickness dependence of the irreversibility line in YBa,Cu;0, epitaxial thin films
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We report a determination of the irreversibility line of epitaxial c-axis-oriented YBa,Cu;0; thin films
with different thicknesses obtained by irreversible magnetization measurements. While close to T, the
irreversibility line is obtained by direct measurements, a universal relation is found at lower tempera-
tures which allows a determination of the irreversibility line down to 4.2 K. This line is found to shift
towards large values when the film thickness d is increased and saturates for d larger than the penetra-
tion depth A,,(0). The results are discussed in the framework of flux creep in quasi-two-dimensional

flux-line-lattice and vortex-lattice melting models.

I. INTRODUCTION

At the present time, it is well established that in the
phase diagram, magnetic field H versus temperature T, of
high-T, superconductors such as YBa,Cu;O; in the
mixed state, there is a so-called irreversibility line H; (T)
above which the critical current falls to zero. However,
the position of this line depends on the type of measure-
ment and on the experimental accuracy. Different mod-
els in which H,; (T) is determined by vortex-glass transi-
tion, vortex-lattice melting, depinning or flux creep, have
been proposed (see, for example, Ref. 1 and references
therein). In most experimental articles one can find the
results of H; (T) measurements close to T, only. This is
due to the fact that at lower temperatures H, (T) lies
well above the available magnetic fields. Interpretation
of the experimental results close to T, turns out to be
difficult, because in the high-temperature range (T > 70
K) both the coherence length £(7T) and the penetration
depth A(T) strongly vary with temperature. The temper-
ature dependence of H; (T) is therefore very similar in
the different models. For a given field, the onset of ir-
reversibility occurs at a temperature T (H) which scales
with the magnetic field as

Hi"‘x[l—‘Ti"(H)/Tc(O)]" .

In many cases, the exponent v is equal to 3. But larger
values have been reported in the literature.>* The value
v=3 may be well explained both in the vortex-lattice
melting®> and flux-creep models. ¢

In this work we report a study of H, (T) obtained by
irreversible magnetization measurements down to low
temperatures (T =4.2 K) for epitaxial YBa,Cu;0, thin
films with different thicknesses. H, (T) is obtained close
to T, by direct dc magnetization measurements and for
temperatures below ~60 K by a scaling method. We will
show that, well below T, the H,; (T) dependence may be

expressed in the form
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H(T,d)=A(d)F(T),

where d is the film thickness and F(T) a sample indepen-
dent universal function. The numerical coefficient 4 is
found to be independent of thickness above approximate-
ly 1500 A. This value is close to the penetration depth
A.(0); A increases with increasing d for d <A,,(0).
Temperature and thickness dependences will be com-
pared to the flux-lattice melting® and flux-creep®’ mod-
els.

II. EXPERIMENTAL TECHNIQUES

Epitaxial YBa,Cu;0; thin films have been prepared by
pulsed laser deposition on single-crystalline MgO(100)
substrates heated at 730 °C in an ambient oxygen pressure
of 0.2 mbar. After deposition, the oxygen pressure was
increased to 1000 mbar and the sample was slowly cooled
down to room temperature. The film thickness was
varied by changing the number of applied laser pulses.
The film preparation is described in more detail in Ref. 8.
The film surface is 2X2 mm? and the thickness is in the
range 200-4000 A. The films have been characterized by
scanning tunneling microscopy (STM) and some of them
by grazing incidence x-ray diffraction and x-ray
reflectometry.’ The surface topography of the films, im-
aged by STM under atmospheric pressure and at room
temperature with constant current mode (0.2 nA and 0.6
V) and Pt-Ir tip, reveals, for film thickness less than 500
A, small islands with a diameter of about 1000 A. Thick-
er films show well-developed islands and step structure.
Many of these islands can be identified as screw disloca-
tions. X-ray reflectometry gives the accurate thickness
for films with d <1000 A and reveals that the surface
roughness is in the range 10-20 ;\, much smaller than d
for all the films. The c axis of the films is oriented per-
pendicular to the substrate. The transition temperature
T, and the transition width AT, (10-90 %), obtained by
dc resistance measurements in zero magnetic field, are
given in Table I. It should be noted that T, is found

3307 ©1994 The American Physical Society



3308

TABLE 1. Properties of the investigated thin films (see text
for detail). The film thickness d has been obtained from x-ray
reflectometry for d <1000 A and from the number of laser
pulses above.

Thickness d (A) 245 375 856 2000 3000 4000
. (K) 75 83 87 88 89 89
ATC (K) 6.3 2.7 1.2 1.3 1 1.2
. (K) (see text) 5 20 56 60 60 60
, (K) (see text) 40 55 65 70 70 70

significantly lower than 89 K only for the thinnest films.

The magnetic properties have been studied by means of
a homebuilt high-sensitivity (magnetic moment of 10™°
emu) vibrating sample magnetometer in fields up to 60
kOe. In order to study the irreversibility line, we mea-
sured the magnetization hysteresis loops in the transverse
magnetic field H|c, varied from —60 to 60 kOe, with a
constant sweeping rate v ~30 Oes ™ ..

III. EXPERIMENTAL RESULTS

The irreversible magnetization M, (H), defined as the
half difference between the measured magnetization on
the H ascending and H descending branches of the major
hysteresis loops, is shown in Fig. 1 for a 2000-A film in
the temperature range 4.2-85 K. At constant tempera-
ture the irreversible magnetization decreases with in-
creasing magnetic field and vanishes at a field defined as

H,_(T). Close to T,, H; . (T) is experimentally defined as
the field for which the difference between the upper and
lower branch of the hysteresis loop is smaller than 10
emucm >,

Below a temperature T, the value of H; exceeds the
available magnetic fields of 60 kOe. The directly measur-
able irreversibility line is therefore limited to tempera-
tures above the value T, for each film. However, we
found, as in Ref. 10, that the normalized irreversible
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FIG. 1. Normalized irreversible magnetization as a function
oof magnetic field at different temperatures; film thickness 2000
A.
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magnetization m is a universal function of a normalized
field H/H*:
_ M (H,T) ‘ H
m=E=—————=

M_o01n "|ar M

The universal dependence given by Eq. (1) is found at
temperatures lower than T,. The value of T, is higher
than T, for all the films we have measured. Thus, there
is a temperature interval in which we are able to deter-
mine the irreversibility line directly (T'>7;) and in
which the magnetization follows a universal function
(T <T,). In this interval, T, < T < T,, the values of H*
and H;, coincide. For temperatures lower than T, H*
is chosen such that the normalized irreversible magneti-
zation coincides with the one measured in the interval
T,<T<T,. The universal dependence m(H/H*) for
films of different thicknesses is shown in Fig. 2. One may
see that for each film, the dependence of m on H/H*
corresponds to a unique universal line, for all tempera-
tures T'<T,. Thus, we believe that at T<T,, H*
represents the field at which the irreversible magnetiza-
tion would fall to zero if the available magnetic field was
high enough. Therefore, we assume in the following that
the scaling parameter H* is the irreversibility field H; at
temperatures lower than T,.

From Fig. 2, one may assume that in fields close to H*
the dependence of the normalized irreversible magnetiza-
tion is approximately linear:

m<(l—H/H*). (2)

Therefore, the determination of H* does not seem to de-
pend on the experimental criterion.

It is also clear from Fig. 2 that the universal line does
not depend on the film thickness for d 22000 A. Since
the London penetration depth A, (0) is 1500 A, this may
indicate that there is no thickness dependence for
d > A, (0). For films with d <A ,,(0) the universal depen-
dence changes when the thickness is decreased.

FIG. 2. Universal relation for M;,.(H)/M ir(0) vs H/H * for
films w1th different thxcknesses (0) 2000 A, 3000 A, 4000 A;
(O) 856 A; (A) 375 A, 245 A. Each curve represents results
from different measurement temperatures below T, (see text).
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FIG. 3. Temperature dependence of the irreversibility line
for films with different thicknesses d. The dashed line is a fit ac-
cording to the melting model [Egs. (9) and (10)]. The solid line
is a fit according to quantum melting model [Eq. (12)].

Figure 3 shows the curves of H* vs T for films with
different thicknesses. These results are consistent with
those reported in Ref. 11 close to T,. We found, as illus-
trated in Fig. 4, that for all films, the temperature depen-
dence of the ratio H*(T)/H*(4.2 K) is nearly the same
except very close to T,. At fixed temperature, in the
range 4.2-60 K, the absolute value of H* increases with
d and saturates for d > A, (0), as shown in Fig. 5.

IV. DISCUSSION

In the critical state, the field B inside the film is H +h,
where H is the applied field and 4 is the self-field created
by the induced current. The Maxwell equation may be
written as follows:

. _0h, on, )
LY or '’
1.0 @ d ('&)
— e 245
N 08 + o 375
[aV] ] 2 + 856
‘d'.‘ 1 p x 2000
N’ 06—] a 3000
‘m 1 g o 4000
A ] o
m 0.4
] '
0.2 § o 2
a
00 e O
o 20 60 80 100

FIG. 4. Temperature dependence of the irreversibility field
normalized to its value at 7=4.2 K for films with different
thicknesses.

3309
1.2
}\ah
02 10 | @ g q
S -
8 0.8 + //1
[ g | T(K)
T ooe | o 4.2
~ / | + 10
g=/ )/ « 20
-~ 0.4 /' l o 40
s 8 |
0.2
I
O-OIll'I["rll"]TT‘Illllvl|
o] 1000 2000 ° 3000 4000
d (A)

FIG. 5. Thickness dependence of theoirreversibility field nor-
malized to its value obtained on a 2000-A film, for different tem-
peratures T =4.2, 10, 20, 40 K.

where j_ is the critical current density, 4, and h, are, re-
spectively, the radial and axial components of 4 with z||c.
In the case of a thin film, in a transverse field, 4, and A,
are of the same order of magnitude, h,,h, ~h (Ref. 12).
Thus, the first term in Eq. (3), corresponding to the vor-
tex tilt, is of the order of 4 /d, and the second one, corre-
sponding to the vortex density gradient, ~h /r. Taking
into account that r/d ~10% we may neglect the second
term and consider that the critical state is related to the
tilt of the vortices, their density being practically con-
stant along r. It follows from Eq. (3) that the magnitude
of the self-field 4 is about j.d.

For H <h, the field inside the film is inhomogeneous
and distributed in a quite complicated way. !> Thus, due
to the dependence of j, on B, j, will be significantly inho-
mogeneous and will depend both on the r and z coordi-
nates. In our case, A does not exceed 100 Oe. Therefore,
except in and close to the remanent state, # is much
smaller than H on the hysteresis loop. In this case, one
may consider the field inside the film to be H and the
current to be homogeneous throughout the film:
j.(B)=j.(H). In the critical state model'? the half-height
of the magnetic hysteresis loop (the irreversible magneti-
zation) is

M, (H)=2j (Hr, @)

where r is the equivalent radius of the film. Therefore,
from the field dependence of M, one can obtain the field
dependence of j.. However, such a procedure is correct
only when M, constant T and H does not change with
time.

Pinning of vortices in type-II superconductors is usual-
ly described by an effective pinning potential U. If U is
finite, which seems to be true in the case of thin films,
M, at constant field and temperature may decrease with
time (flux creep). This decrease may be characterized by
a relaxation time 7, so that M, (7,)=0. The value of 7,
depends on the ratio U /kgT:
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7(H,T)~ exp(U /kzT) . (5)

On the other hand, we can define a characteristic time for
the experiment, 7,. Suppose that we cool the film below
T, in a magnetic field H >>j (H)d. At constant tempera-
ture, the magnetic field is increased with a sweeping rate
v =dH /dt. The critical state in the sample will be com-
pletely established in a time =~h /v, where h is the full
penetration field for the vortices. This field is reached
when j.(H) flows in the whole volume, so that
h=j.(H)d. Thus, the characteristic time of the experi-
ment is given by
Jj(H)d

7. (H, T)~—T— . (6)
The experimental determination of M, depends on a
competition between 7, and 7,. It is clear that, for fields
smaller than H*(T) (when M, 70), the characteristic
time of the experiment, 7., is much shorter than the re-
laxation time 7,. The increase of the field at constant
temperature leads to a decrease of U and therefore of 7,.
The measured value M, (H, T) reaches zero when 7, <7,.
The experimental H*(T) line corresponds then to the
condition

TT

—=a<l1. (7

Te
We should note that 7, in our experiments is of the order
of 1s, so the condition given by Eq. (7) is fulfilled for large
values of U.

A. Thickness dependence of H*

If one assumes a logarithmic dependence of M, on ¢,
one may fit the universal m (H/H*) and H*(T) experi-
mental lines, choosing the appropriate U (H, T) values, as
was done in Ref. 10. From our point of view, such a pro-
cedure requires strong assumptions and we will not go
beyond a qualitative explanation. First of all we shall dis-
cuss the thickness dependence H *(d), which seems to be
the most interesting result of these experiments.

According to Eq. (6) 7, is proportional to the thickness
d, so that H* which corresponds to the condition given
by Eq. (7) should decrease with increasing d. Experimen-
tally we found the opposite H*(d) dependence (see Fig.
5). That means that for the films with d <A, (0), the
value of U significantly increases with increasing d.

Measuring the resistance of multilayers, the authors of
Ref. 14 found that for isolated YBa,Cu;0, films with
thickness in the range 24 <d <240 A, the activation ener-
gy U is proportional to d and logarithmically decreases
with H:

U/d=—yIn(H/B), 8)

where Y and B are parameters. Qualitatively this result is
in a good agreement with our data. The increase of d
leads to the increase of U and according to Egs. (5)-(7)
shifts H* to larger values. The authors of Ref. 14
reached the conclusion that the dependence given by Eq.
(8) is due to the creation of dislocation pairs in a quasi-
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2D flux-line lattice. It is known that such a quasi-2D ap-
proach is valid in the case of logarithmic vortex-vortex
interaction, which takes place for the films with d <A,
(Ref. 15). There is also another condition A?/d >p,
where p is the Kosterlitz-Thouless correlation length,
which is the characteristic dislocation pair size. Apart
from the vicinity of the Kosterlitz-Thouless transition
temperature, p is small (p<A); thus, the condition
At/d > p is always fulfilled for films with d <A. Thus, the
strong dependence of U on d should vanish for the films
with d 2 A, and the H*(T) line should be approximately
the same for all thicknesses larger than A, (0).

Finally, we may state that the experimentally observed
increase of H* with d and the further saturation of H*
for d > A,,(0) give a strong support to the suggestion that
for d <A,,(0) the value of U corresponds to the creation
of dislocation pairs in a quasi-2D flux-line lattice.

The discussion of the temperature dependence of H*
for thin [d <A,,(0)] films seems to be quite difficult, be-
cause it requires assumptions about the U(T) and
j.(H,T) dependences. For thick [d >A,,(0)] films, the
temperature dependences of U and of H* correspond to
the 3D bulk case. Several recent experimental results,
obtained on YBa,Cu;0, single crystals,'®!” indicate the
existence of a phase transition line H,,(T) below the line
U =0. This suggests a possible mechanism for the tem-
perature dependence of H*, in the framework of the
vortex-lattice melting model.

B. Vortex-lattice melting model

One may assume that in the bulk case, at H =0, U is
quite large so that 7, >>7,. This condition is kept with
increasing H up to a phase transition, characterized by a
line H,,(T). In the case of a first-order transition, there is
an abrupt drop of U on this line. In the case of a second-
order transition, U depends smoothly on H, but the main,
quite abrupt, decrease of U occurs in the vicinity of the
phase transition line H,,(T). Thus, we may assume that
above H,,(T), 7, <7, and M, =0. Thus, the experimen-
tal H*(T) line would correspond to H,, (T).

Let us compare the curve H*(T) for thick films with
the melting line given by the Lindeman criterion:

(u?)=c}a®. 9)

Here (u?) is the vortex mean-square displacement due to
fluctuations, az~<I>O/B is the square of the vortex-lattice
spacing and ¢; =~0.1-0.3 is the Lindeman coefficient.

If we consider thermal fluctuations only, 18

kpT4m?, e

2y ¢ 2 y— B ATap®
(u?)y=Cug )= /2B

) (10
where e=(A,/A,,) for YBa,Cu;0,. The H,(T) depen-
dence, calculated from Egs. (9) and (10) with ¢; =0.29 is
shown by a dashed line in Fig. 3. This temperature
dependence differs significantly from our experimental
data. It is in good agreement with the experimental re-
sults close to T, but at low temperatures the difference is
more than one order of magnitude. It is impossible to fit
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the experimental data with different values of ¢, because
the temperature dependences of the experimental H*(T)
and calculated H,,(T) lines are significantly different.
Thus, vortex-lattice melting cannot account for the ex-
perimental temperature dependence of H* in the whole
temperature range if we consider only classical thermal
fluctuations.

Recently Blatter and Ivlev’ have shown that one
should also take into account zero-point quantum fluc-
tuations of vortices, (u}), so that

<u2)=(ut2h)+(uqz). (11)

The amplitude of zero-point fluctuations was estimated®
to be of the order of the coherence length: (u2)=Q¢&,
where Q is a constant of the order of unity. Thus, from
Eqgs. (9)-(11) it follows:

5

i (ATT4QeERo/EN 2~ 4
m 2Q ’

where

(12)

_ kB T47Tkgb€
- q,g/zgz

The solid line shown in Fig. 3 was calculated with
0 =2.9 and ¢; =0.29. One may see that this line is in
good agreement with the experimental results for
d > A, (0). Thus, in the vortex melting model, the exper-
imental dependence of H* on T for thick films indicates
that quantum corrections have to be taken into account.

V. CONCLUSION

We have measured the irreversible magnetization M
of YBa,Cu;0; thin films in a transverse magnetic field.
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We have found that in a large temperature range the nor-
malized magnetization m =M, (H,T)/M; (0,T) is a
universal function of a normalized magnetic field H/H*
where H* corresponds to the condition M, (H*)=0.
The m (H /H*) function does not depend on the thick-
ness of the film, for d >A,,(0). The irreversibility field
H*(T) does not depend on d for d > 1,,(0) and decreases
with film thickness for d <A, (0).

We believe that H*(T) is not a characteristic line on
the phase diagram of the vortices and corresponds to a
certain relation between the characteristic time of the ex-
periment and the relaxation time. The decrease of H*(T)
with thickness for d <A,,(0) may be qualitatively ex-
plained in the framework of a quasi-2D flux-line lattice,
with an activation energy U for flux creep due to the
creation of vortex-lattice dislocation pairs.

The temperature dependence of H* for thick films may
be well described by melting, taking into account zero-
point quantum fluctuations of vortices. However, it can-
not be considered as a proof of vortex-lattice melting.
Moreover, it is not clear why the dependence of H* on T
is the same for all films.
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