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Vortex liquid entanglement in irradiated YBa ,Cu;0- thin films
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Epitaxial YBa,Cu;O; thin films, grown by high-pressure dc sputtering, are irradiated with léas at 80
keV with doses between iDand 13° cm™2. Irradiation reduces the critical temperature but it does not
modify the carrier concentration. Angle-dependent resistivity is used to show that the mass anisotropy does not
change upon irradiation. The melting transition in magnetic fields applied parallel toakis is analyzed by
I-V critical scaling, and all irradiated and nonirradiated samples show a three-dimensional vortex glass transi-
tion with the same critical exponents. The dissipation in the liquid state is analyzed in terms of the activation
energy of the magnetoresistance in a perpendicular magnetic field. While as-grown samples show an activation
energy depending asH/on the applied magnetic field, irradiated samples show a dependencél®% 1/
characteristic of plastic deformation of vortices. This is discussed in terms of the point disorder introduced by
ion irradiation.
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[. INTRODUCTION In this paper we report on the effect of point disorder
introduced by low energy, light ion (H¢ irradiation, on the
Disorder is known to play a crucial role determining the liquid state dissipation of high quality epitaxial YBCO thin

vortex matter phase diagram in high temperaturefilms. The melting transition is analyzed frofiv critical
superconductors Extensive investigation has been done inscaling with the magnetic field applied parallel to the ¢ axis.
single crystals, showing that correlated and point like disordrradiated and non-irradiated samples show a 3D vortex glass
der compete to stabilize very different vortex phases. While aransition with the same critical exponents. However, the dis-
relative ordered vortex phagBragg glaskis known to exist  sipation in the liquid state show interesting differences.
in clean Samples at low magnetic ﬁeldS, and the meltlng/\/h”e as grown Samp|es show an activation energy depend_
transition is first ordef;® the presence of disorder enhancesing as 1H on the applied magnetic field, similar to the one
the glass like properties of the vortex solid, and turns thggund in samples with correlated disord8r,irradiated

melting tr.ansition into_ seqond_ordé‘r‘? Correla’Fed disorde_r, samples show a dependence @$°F characteristic of plas-
due to high energy ion irradiation or to twin boundarles,tic deformation of vorticed.

promotes vortex confinement and stabilizes a Bose glass
phase at low magnetic field$-°Point disorder, on the other
hand, favors vortex meandering, which may even result in a
very disordered entangled vortex solid at low temperattftes.
Experimental evidence has been very recently presented for a The samples for this study were high quality fully oxi-
vortex glass phase stabilized by point disorder in proton irgenated YBCO samples epitaxially grown on STO by a high
radiated YBCO single crystald.The coexistence of the vari- pressurg3.4 mbay dc sputtering system in pure oxygen at-

ous solid phases g_iyes rise to m_ulticritical po_ints in the_ phasﬂwosphere. Substrate temperature was kept at 900 °C to get
diagram. The stability of the various phases is determined bx-axis orientatior’* Samples were irradiated at room tem-

a delicate balance between elastic, pinning and thermal en- . ; : : .
L . perature with Hé ions from a high purity gas source using a
ergy, and magnetic field, controlling the vortex-vortex and

. . . o mmercial ion implanter. Beam currents were smaller than
the vortex-defect interactions, triggers phase transitions peommercial 10 planter. Beam currents were smaller thai

_2 P . .
tween the various phas&s:28 0.1 mAcm “ to minimize heating effects. Samples were

While extensive investigation has been performed intilted 7° away from the beam direction to avoid c.hanneling.
single crystals, little is known about thin film samples. Thin Enirgy was kept a5t 80 k2ev, and doses were varied between
films are interesting systems to study the effect of disordef0"* cm? and 16° cm™2. The projected ion range calcu-
on the vortex phase diagram because they can show a vel§ted using the SRIM 96 software was larger than 3000 A in
specific kind of disorder linked to the details of the produc-all cases. Accordingly, film thickness was fixed at 500 A to
tion process. In fact, very recently, evidence has been prgensure an homogeneous defect distribution, and that He
vided for the existence of edge and screw dislocations alongns go through the film and embed into the substrii¢.
the growth direction which act as effective pinning centers aturves were measured on photolithographically patterned
low fields!® These correlated defects may compete withbridges with dimensions 30400 x m? in magnetic fields
pointlike defects to stabilize disordered vortex phases. Mostip to 7 T. Contacts were done on evaporated silver pads,
likely, the reason why the first order melting transition haswhich ensured small contact resistance. A temperature
never been observed in thin films is related to inherent disstability better than 50 mK was attained prior to data acqui-
order not appearing in single crystals. sition.

II. EXPERIMENT
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FIG. 1. Electrical resistivity vs temperature for epitaxial

YBa,Cu;0; thin films at zero magnetic field, befoféresh sample 1091 He=3T (b}
at the bottormand after 80 keV Hé irradiation with doses 3.5, 4, 5, 6] T,=2688k /
7,8, and % 10" cm™? (from bottom to top. 1077 2.,
W L =
lIl. RESULTS AND DISCUSSION 3o10°y 2

Prior to irradiation, samples had critical temperatures of e 10°}
91 K and transition widths smaller than 0.3 K. The effect of = _3‘
ion irradiation was a systematic reduction of the critical tem- = 10
perature with the irradiation dose. Figure 1 shows the resis- o 10}
tive transitions for a set of samples irradiated at a fixed en- L
ergy (80 keV) and doses ranging between*4i@m 2 and e
10 cm 2. Tc changed linearly with dose, decreasing at a 1010 10" 10710
rate of (7.5 K)/18%He"/cn?). Normal resistivity curves (ITY(A-T/T )"

are essentially linear and parallel suggesting that the carrier
concentration is essentially preserved. Only the samples irra- FIG. 2. (a) I-V characteristics in double logarithmic scale for
diated at the highest doses #20cm™2) show the curvature irradiated YBaCusO; thin film with a dose of 410" cm™2in a
in the normal state resistivity characteristic of the under-magnetic field of 3 T. The temperature ranges from 4Qldwer
doped samples. The systematic increase of the resistivityght) to 51 K (upper lef} in increments of 1 K(b) p*-j* scaling
along with the reduction of the critical temperature suggestsurves according to a 3D vortex glass model for irradiated
that the effect of irradiation is to create scattering centers. AYBa;,CusO; in a magnetic field of 3 T.
reducedT. degradation can be observed at high energies,
this showing the nuclear nature of the damage, i.e., damagihere &;=|T—Tg| " is the vortex-glass correlation length,
consists basically in atomic displacements. An analysis ofind v and z are the static and dynamic exponents respec-
the irradiated samples by x-ray diffraction showed that structively, the parameter D is the dimension of the system, and E
ture is essentially preserved, since there are no signs of pedk a universal scaling function above () and below E_)
broadening and the width of the rocking curves remainedhe glass transition temperatufg. This analysis provided a
unchanged between 0.15° and 0.30°. An increase of the @ood collapse of the-J curves; see Fig.(). Scaling expo-
lattice parameter, measured from the position of the diffrachents took values well in the range reported previously for
tion peaks, was observed, which correlates with the decreadeesh YBCO sample$; z=4.75 andv= 1.4, and the dimen-
in the critical temperature: as grown sampld@s£91 K)  sion parameteD was always 3. Dealing with thin films,
had c=11.65 A whilst irradiated samples with,=20 K  there is the concern that film thickness may dictate the 2D
showedc=11.71 A. Since chain oxygen atoms are the mosgdimension of the transition if vortices are probed at length
loosely bound specie in the structure, the most probable dé&cales larger than sample thickness. However, the 3D char-
fects are those atoms displaced into the vacdhj @long the ~ acter of the transition indicates that film thickness is large
a axis?? These defects scatter carriers in the planes and protgnough for vortices being probed on length scales smaller
ab|y reduce the critical temperature by pair breal@ﬁ]g_ that film thickness in the whole range of current densities of
I-V curves were measured in as grown and irradiatedhis experiment. It is important to note that scaling exponent
samples. Figure(a) shows thd-V curves for a sample irra- z were also determined independently of scaling, from the
diated with a dose of % 10 cm 2, which had aT, of 60  slope of the critical isotherthyp(j, Tg)ocj**2~PY(P=1 An
K, at a magnetic field of 3 T. The vortex-glass phase transiindependent determination @f,, on the other hand, is also
tion was analyzed according to the vortex glass thdarg; ~ obtained from the zero extrapolation of It p/dT) " in re-

ing the scaling relation sistivity plots. Scaling exponents were found to be indepen-
dent of the magnetic field upt7 T applied parallel to the c

E(J)=J0 2 7, Jngﬂ} 1) axis. Vortex glass scaling with the same critical exponents

g =79 kgT) was found for the different irradiated samples up to doses of
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FIG. 3. () Electrical resistivity vs 10007 for irradiated T/Tc

YBa,Cu,0O; with a dose of 410" cm 2 in magnetic fields ap-
plied parallel to thec axis. Inset: temperature dependence of the
derivatived(In p)/(T~1) in a magnetic field of 7 T.

FIG. 4. Irreversibility line for irradiated YB&u;O; with a dose
of 4x 10" cm 2 in magnetic fields parallel and perpendicular to
the ¢ axis. The solid lines are fits tol=Hy(1—T/T)“. Inset:
8x 10 cm2 with T. values as low as 26 K. In addition, Scaling after the anisotropic Ginzburg Landau mddek text ob-
T.-T, did not change significantly, suggesting that the Widthtain_ed_from the angular dependence of the resistivity data at mag-
of the critical region does not depend on irradiation dose. Fopetic fields of 1, 2,3, 4,5, 6, and 7 T.
example, while a sample, irradiated with a dose of 8
X 10" cm™? had aT. of 26 K and aT, of 12.7 K at 3 T  fined which can be considered as an upper bound of the
(T-Tg=13.3 K), the sample shown in Fig. 2, irradiated irreversibility line! Figure 4 displays the irreversibility line
with a dose of 410 cm™? had aT, of 60 K and aT, of ~ (T*) for field orientationsH,;, andH, parallel and perpen-
46.9 K at the same magnetic field, i.€,-T,=13.1 K. The dicular to the planes for the irradiated sample. For both field
linear dependence GF. on irradiation dose quoted above, orientations the irreversibility line could be fitted to an equa-
provides therefore also the dependencd gfon irradiation  tion of the formH=H(1—T/T¢o)“, whereT, is the zero
dose:T, shifts down at a rate of (7.5 K)/#f{He"/cn?). A field transition temperature artd, and « are fitting param-
reduction of the first order melting temperature with fluenceeters. We obtairH,,=444+15 T, a,,=1.90-0.05, Hq,
has also been observed in proton irradiated YBCO single=62=5 T, a,=1.55-0.05 for both field orientations,
crystals, and has been interpreted in terms of an enhancachich are in agreement with previously reported results for
entanglement of the liquid state induced by point disordersingle crystalg® The ratioH,,/Ho. Supplies an estimate of
which difficults the formation of the solitf: the anisotropy parameter=7, similar to the value obtained
For the nonirradiated sample we also found the same critifor as grown samples. Further support for this important
cal exponentsZ=4.85 andv=1.4) 2° showing that the point point was obtained from the angular dependence of the re-
disorder introduced by ion irradiation does not change thesistivity in the liquid state T/T.=0.98) at various magnetic
dynamics of the vortex solid-liquid transition. fields. The anisotropic Ginzburg Landau scaling law pro-
Resistive transitions with magnetic field applied perpenposed by Blatteet al,>’ in terms of a scaling fieldH e(6)
dicular to thec axis can be used to get information about =H(cos6+ vy %sir?6)*2. The scaling obtained following this
vortex flow in the liquid state. Shown in Fig. 3 are Arrhenius procedure is shown in the inset of Fig. 4. The anisotropy
plots of the resistivity for the same irradiated Yas0;  parameter determined from this scaling was: 7, similar to
thin film with a dose of 410 cm™? in parallel and per- the value obtained from the irreversibility line. We can then
pendicular magnetic fields up to 7 T, at a transport current o€onclude that light ion irradiation does not change anisot-
10 w A ropy. Since oxygen removal is known to cause an increase of
Since elastic energy is directly influenced by the masghe anisotropy in underdoped sampitshis supports our
anisotropy,y= (m./m,,) %>, an important point to address is point that ion irradiation does not reduce carrier concentra-
whether or not ion irradiation changes In the former ex-  tion.
pression,m,, and m,, are the in plane and out of plane  The resistivity in the liquid state can be described by the
effective masses. The irreversibility line determined from re-thermally activated formp(H,T)=peexd —U(H,T)/kgT],
sistivity curves for both field orientations, can be used to getvhere U(H,T) is the activation energy for vortex motion.
an estimate of the anisotropy parameter, for as grown antd(H,T) can be used to highlight the dissipation mechanism
irradiated samples. The irreversibility line is defined fromin the liquid state. It is clear that in the limit of low tempera-
p-J measurements as the onset of nonlinear behavior arftires, i.e., low resistivity levels, the Arrhenius plots remain
corresponds to the first isotherm for which ohmic response iinear, as a result of the a linear temperature dependence of
observedgoing from glass to liquidover the whole current the activation energy. The inset of Fig. 3 shows a clear pla-
range?® From resistivity vs temperature curves, choosing ateau in the derivative’(In p)/(T~%) and an increase in the
resistivity criterion of 1 Q) cm, a temperaturel’*, is de- low temperature region associated to the glassy behavior. In
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voked as posible sources of correlated disorder in as grown
YBCO samples. Since YBCO in plane lattice parameters are
Fresh very close, domains rotated 90° frequently appear in thin
Upa 1/H epitaxial films grown on STO, giving rise to dense arrays of
— twin boundaries. Recently, Daret al!® have reported the
< 10 presence of dislocations parallel to theaxis going all the
= rradiated way to the substrate, which act as effective pinning centers.
U, o HOS Twin boundaries and/or dislocations might act as correlated
disorder stabilizing a Bose glass phase. In this scenario cor-
related disorder is known to stabilize a disentangled liquid
1034+ state, as demonstrated in twinned single crystals by flux
1 10 transformer measuremerits>® Although a good scaling is
H(T) obtained according to a 3D vortex glass transition, this does
not exclude the Bose glass phase, since both theories provide

FIG. 5. Magnetic-field dependence of the activation energy forsimilar scaling relations for magnetic fields along the c axis.
fresh(solid circles and irradiatedsolid triangle$ YBa,Cu,O, thin -~ However, our measurements of the angle dependent resistiv-
films. The solid line is a fit tdJ,><H ™ * with «=1+0.05 for as- ity at low temperatures did not show the presence of the cusp
grown sample andr= 0.5+ 0.05 for irradiated sample. like features characteristic of the Bose glass. Not even after a

] . ) closer inspection of the small angular ran@®) for which
this temperature regiol(H,T) follows the functional de-  Grigeraet al. @ have recently reported the cusp signature of
pendence)o(1—T/Tc) expected from the London model for the Bose glass in twinned single crystals. This allows us to
free energy,” in which the activation energy must be zero at exclude the presence of the Bose glass transition. We cannot,
T, due to the vanishing line tensiosy=(po/4m\)% It is  therefore, ascribe the B/ dependence of the activation en-
importqnt to stress _that thg re;istitvity data used to define thgrgy to a disentangled liquid state. In fact this dependence
activation process in the liquid state are chosen well abov@as heen found in single crystals containing splayed defects
the critical region for which critical scaling was obtained 3nd has been interpreted in terms of a densely entangled
(see Figs. 2 and)3Figure 5 shows the values &fy as a |iquid state caused by the splayed defects. An analysis in
function of magnetic field, which follow ai~*° depen-  terms of the competition between elastic and pinning energy
dence, with values similar to those reported bypépet al.  of vortex segments pinned by columnar defects has provided
for proton irradiated single crystal$.This magnetic field the correct field dependené®Interestingly, the activation
dependence dfl, is consistent with plastic motion of vorti- energy for the irradiated sample is lower than that obtained
ces. The size of the characteristic plastic barriers have begr the non irradiated ong@=ig. 5). This behavior supports the
estimated to b&J;,;~ vy~ *epao,”>* for plastic deformations picture of a densely entangled state in the non irradiated
on the scale of the lattice spacirag, which provides the samples: otherwise one would expect that point disorder in-
correct scaling (+ T/T,)H ™% The activation energy of the troduced by irradiation should enhance pinning thus increas-
form of U,, is then a strong indication of vortex ing the activation energy. An increase of the activation en-
entanglemert?****Since vortex entanglement involves vor- ergy upon irradiation has been observed in proton irradiated
tex deformations of size,, and melting involves deforma- YBCO single crystals when fluence is increadé@he acti-
tions which are a fractioo (the Lindemann numbgof the  vation energy of our non irradiated sample at 4 T is 12500 K
vortex lattice spacing, the basic energy scale governing vorand the one of the irradiated sample shown in Fig. 5 is 1800
tex entanglement, ~y '€pag) is the same governing K at the same field. The value of 12500 K is very close to the
melting. Plastic barriers and melting temperatQig, can be  roughly 12400 K obtained by Kwo&t al®° in single crystals
related via the Lindemann numb@r:Tg:Z.YcEUp,. The  with splayed defects. On the other hand the value of 1800 K
melting temperature obtained experimentally from the scalfor the irradiated sample is reasonably close to the roughly
ing analysis provides the correct energy scale for plastic det400 K obtained for proton irradiated YBCO single
formation. For example, using thE,=46.88 K value in a crystalst® Most likely, correlated disorder plays a role in
magnetic field of 3 T, and assuming an approximate value oéstablishing this densely entangled state, much in the same
the Lindemann numbet (¢ =0.15-0.2), an energy), way that the splayed defects do in YBCO single crystals,
value is obtained2000 K) in good agreement with our ex- although the exact mechanism remains unclear. Additionally,
perimental valuegsee Fig. 5. Plastic deformation of vorti- we would like to remark that, besides correlated disorder,
ces and entanglement can be understood as a result of strotigere is, most likely, also point disorder present in the non-
pinning at the point like defects, which induces lateral vortexirradiated samples, and there may be then a complicated in-
wandering*® terplay between both types of defet{s*

The same analysis conducted on non irradiated samples In summary, we have studied the effect of light ion irra-
yielded an activation energy scaling agilwith the applied diation on the dissipation properties of epitaxial YBCO
magnetic fieldsee Fig. 5. The same field dependence of the films. The dynamics of the vortex solid to liquid transition
activation energy has been found in YBCO crystals in presseems not to be modified by ion irradiation. Good scalings
ence of correlated disorder as twin boundaries, irradiatio@ccording to a 3D vortex glass transition are obtained for as
tracks or splayed defectd3>3 various defects can be in- grown and irradiated samples, with the same values of the
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critical exponents. The anisotropy paramejeis also not tion. Strong pinning at point defects promotes vortex mean-
modified by irradiation. The magnetic field dependence ofdering and plastic deformation when the lateral displacement

the barriers for vortex motion in the liquid state changesbecomes comparable to the intervortex separation.

from aH 1, in the as grown samples, 6~ %°in the irradi-

ated samples. TheH/dependence is interpreted in terms of

a densely entangled stafeprobably promoted by the pres-
ence of correlated disorder. THé %° dependence of the

activation energy in the irradiated sample is similar to that

observed in proton irradiated single crystflsnd is inter-
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