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Effects of 1-MeV proton irradiation in Hg-based cuprate thin films
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We have studied the effects of 1-Mev proton irradiation on both superconducting properties and normal state
resistivity of high-quality HgBa2CaCu2O61d ~Hg-1212! and HgBa2Ca2Cu3O81d ~Hg-1223! thin films. At low
proton doses, we observed a linear decrease of the superconducting transition temperatureTc and a linear
increase of the extrapolated residual resistivity as proton dose is increased. This is consistent with observations
of other high-Tc superconductors while a lower dose threshold for suppressing the superconductivity is found
in Hg-1212 and Hg-1223 films. To explain the linear dose dependence ofTc , we propose a model based on the
proximity effect. An enhancement of up to 90% in the critical current density at low fields has also been
observed in these films at low proton fluences that do not significantly degradeTc . @S0163-1829~97!03926-X#
in
ct
e
lin
ria
ic
io

as

c

fl
a
gy
-
io

es
h

ca

h

han
less
d as
ing
g
for
,
of
for
of
ity

m
ies,
lm.
cts
the
In
t an

g-
I. INTRODUCTION

Ion-beam irradiation has been an effective method for
troducing various defects into materials in a fairly predi
able and controllable fashion. These defects have two g
eral effects on the material. First, they perturb the crystal
as well as the electronic structures of the original mate
and therefore can be used to probe many important phys
properties of the material. The effect of ion-beam irradiat
has been extensively studied in many high-Tc superconduct-
ors ~HTSc’s! during the past ten years. This study h
yielded many interesting results,1–11 including the most strik-
ing and puzzling observation by Summerset al. of a univer-
sal linear dependence of the decrease rate of supercondu
transition temperature (Tc) with ion dose (dTc /df) on the
nonionizing energy loss of the incident ion beams.12 Second,
ion-beam irradiation has been used to produce magnetic
pinning centers in HTSc’s. This includes creation of we
pinning centers via displacive interactions in low-ener
light-ion irradiation13–17 and strong pinning centers in co
lumnar defects produced by high-energy heavy-
irradiation.13,18

The newly discovered Hg-based cuprat
(HgBa2Can21CunO2n121d n51,2,3,4) have attracted muc
attention because of their record highTc above 130 K that
makes-them very promising for many commercial appli
tions. Moreover, HgBa2CaCu2O61d ~Hg-1212! and
560163-1829/97/56~2!/862~6!/$10.00
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HgBa2Ca2Cu3O81d ~Hg-1223! phases have a relatively hig
irreversibility line, staying between that for YBa2Cu3O72d
~YBCO! and that for Bi- and/or Tl-based compounds.19 This
means that Hg-1212 and Hg-1223 are more anisotropic t
YBCO, believed to be a three-dimensional system, and
anisotropic than Bi- and/or Tl-based compounds, regarde
two-dimensional systems. Our recent study on the pinn
potential of Hg-1212 films indicated that its original pinnin
strength is lower than that for YBCO and higher than that
Bi- and/or Tl-based compounds.20 The Hg-based cuprates
therefore, provide an interesting system for the study
physical properties in order to achieve a complete picture
various HTSc’s. We have recently studied the effect
1-Mev proton beam irradiation on the normal-state resistiv
~r!, Tc , andJc on high-qualityc-axis-oriented Hg-1212 and
Hg-1223 thin films. The advantage of using thin-fil
samples is that for most ion beams with moderate energ
the beam range is much larger than the thickness of the fi
One may then assume that the distribution of the defe
produced by the beam is uniform across the thickness of
film, which makes the analysis of the result much simpler.
this paper, we report our experimental results and presen
explanation of the data.

II. EXPERIMENT

The irradiation experiment was carried out mainly on H
1223 films. One Hg-1212 film was also used forJc observa-
862 © 1997 The American Physical Society
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56 863EFFECTS OF 1-MeV PROTON IRRADIATION IN Hg- . . .
tions. All samples were grown on SrTiO3 substrates using a
three-step fast temperature ramping Hg-vapor annealing
cess. The details of the film fabrication procedure have b
reported elsewhere.21–23 These films are approximately 70
nm in thickness. Both magnetic and electrical transport pr
erties were measured in the proton-irradiated films.
transport measurement, a 200mm 3 1.7 mm bridge was
patterned on a Hg-1223 film using the wet etching meth
After etching, four silver electrical contacts were sputter
onto the four corners of the film. Before irradiation, th
sample had a zero-resistance transition temperature (Tc0) of
123.6 K and a critical current density of 0.27 MA/cm2 at
100 K. The originalTc’s of the samples used for magnet
measurements are 128.5 K for the Hg-1223 film and 124.
for the Hg-1212 film.

The irradiation was performed at the 1.7 MeV Pelletr
Tandem accelerator at Texas Center for superconductivit
the University of Houston. A proton beam of 1 MeV wa
selected to generate point defects in the film. The energy
of 1 MeV protons in Hg-based cuprates is about 37 keV o
the 700-nm thickness, or only 3.7% of the incident ener
This means that the sample is effectively two dimension
with uniform damage even at high dosage. At 1 MeV ener
the proton collision cross section is of Rutherford form f
all nuclei, including O, and therefore does not show a
resonances, so there is no preferential bombardment in
sample. The average range of the 1-MeV proton is estima
to be 10mm, which is much larger than the thickness of t
film used in this experiment; thus the defects created
approximately uniform across the thickness of the film. T
proton beam line was equipped with anX-Y scanner for
uniform irradiation over a 10310-mm2 area and a deflecto
to avoid neutral beam bombardment. The dosage was m
sured with a current integrator with a 300-V secondary el
tron suppressor on the sample.

Measurements of resistivity~r! and critical current den-
sity (Jc) were conducted in a close-cycle cryostat syst
where temperature control is accurate to within 0.5 K and
minimum working temperature was about 15 K. Platinu
wire contacts were made on the sputtered silver pads
silver paste and were retained throughout irradiation
characterization for most of the experiment.Jc was estimated
using the criterion of 1mV/cm. Magnetization (M ) was
measured in a commercial superconducting quantum in
ference device magnetometer at temperatures ranging fro
to 110 K. The magnetic field was applied normal to the fil
Magnetic Jc was inferred from hysteresis curves (M -H
loops! using the Bean model.

Ther-T curves obtained for the Hg-1223 film are show
in Fig. 1~a! for proton doses from 0 to 140
31015 protons/cm2 and in Fig. 1~b! for the low-dose range
of 0 to 3031015 protons/cm2. The unirradiated sample ha
a ratio r~250 K!/r~150 K! of about 2.05. At low doses, a
detailed in Fig. 1~b!, the temperature dependence of t
normal-state resistivity remains linear, indicating a meta
behavior in the sample while a small number of point defe
were introduced by the proton irradiation. The magnitude
the resistivity, however, increases monotonically with t
proton dose. Since ther-T curves are parallel to each oth
aboveTc , the increase inr can be attributed to the residu
resistivity due to alloying of metallic Hg-1223 by proton
o-
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induced point defects. According to Mattheissen’s ru
r(T)5r i1rL(T), whererL(T) is the resistivity of the meta
and is independent of the dose. The residual resistivityr i is
defined for a superconductor as the zero-temperature in
cept of the extrapolated straight line from the linear part
the r-T curve—in our study, fromT5250 to 150 K. As
shown in Fig. 2~a!, the slope of the normal part of ther-T
curves, which is defined using all data points from 250
150 K, remains fairly constant for proton doses up to
31015 protons/cm2. The residual resistivity, however, wa
found to increase linearly with the proton dose in the sa
dose range@Fig. 2~b!#, which is consistent with Mattheis
sen’s rule. When the dose is further increasedr i increases
drastically while the slope of ther-T curve decreases, indi
cating a metal-insulator phase transition at high doses. Me
while, Tc decreases monotonically with proton fluence.
Fig. 2~c!, the onset transition temperature (Tc,onset) and zero-
resistance temperature (Tc0) are plotted as functions of th
proton dose. It is clear that bothTc,onset and Tc0 decrease
linearly with the proton dose in the dose range of 0 to
31015 protons/cm2 and decrease much more rapidly as t
dose is further increased. These effects seem to be univ
for most high-Tc superconductors, as reported in other stu
ies with various ion-beam irradiations.8,9,24–28

FIG. 1. ~a! Hg-1223 filmr-T curves at different proton fluence
where an arrow shows the ‘‘kink’’ signifying the onset of meta
insulator transition; and~b! the samer-T curves at low doses
Doses are in units of 1015 protons/cm2.
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864 56GAPUD, LIU, WU, KANG, KANG, YUN, AND CHU
At higher doses, a kink in ther-T curve @shown with an
arrow in Fig. 1~a!# that is barely evident at the dose530
31015 protons/cm2 and becomes visible at dose550
31015 protons/cm2, signifies the onset of a metal-insulat
transition that reaches critical at a dose of 1
31015 protons/cm2 and is completed by dose5140
31015 protons/cm2. The flattening of the slope of ther-T
curves at these doses shows significant damage in the m
rial as overlapping or clustering of point defects becom

FIG. 2. ~a! The slope of the linear portion of ther-T curves for
the Hg-1223 film fromT5250 to 150 K, plotted as a function o
proton dose;~b! Mattheissen’s rule: residual resistivities at differe
fluences; and~c! onsetTc and zero-resistanceTc of Hg-1223 film at
different fluences.
te-
s

prevalent. This is confirmed also by the deviation ofTc from
its linear decrease with proton dose, clearly seen in Fig. 2~c!,
at about a dose of 5031015 protons/cm2. From TRIM

simulations29 the displacements for 1-MeV proton irradiatio
in 1-mm-thick Hg-1212 and Hg-1223 films is found to b
approximately 331025/~ion Å! and 431025/~ion Å!, re-
spectively. For the Hg-1223 films, for example, the prot
doses of 50, 110, and 14031015 protons/cm2 can then pro-
duce approximately 47, 100, and 120 displaced atoms
1000 unit cells, or 0.0029, 0.0064, and 0.0082 displacem
per atom~dpa!. Tc0 begins to decrease as the damage le
increases beyond 0.000 29 dpa and a linear decrease oTc0
with the proton fluence is maintained up to 0.0029 dpa.
higher dose, the fluence dependence ofTc0 deviates from the
linear behavior and superconductivity is nearly destroyed
0.0064 dpa.

Aside from causing material degradation in the superc
ductor, it is well known that irradiation-induced defects c
also serve as magnetic-flux pinning centers that can enh
the critical current density (Jc) by improving the pinning
strength in the material. Since these two effects are com
ing, we speculate that during the proton irradiationJc would
be improved when the proton dose is low and then be
graded as the dose is high. Meanwhile, the improvemen
Jc should also depend on the applied magnetic field, i
Jc should decrease at zero or low magnetic field where p
ning is insignificant. When the pinning strength needed a
certain applied magnetic field becomes comparable with
pinning strength of irradiation induced pinning centers,
optimizedJc improvement should result. Figure 3 shows t
magneticJc as a function of proton dose at 5 K and different
applied magnetic fields from 0 to 1 T. At zero field and
0.02 T, a monotonic decrease ofJc with increasing proton
dose is observed. The same type behavior was also foun
the zero-field measurements of magneticJc at other tempera-
tures and transportJc shown in the inset of Fig. 3. As the
field is further increased, for example, close to or above
T, Jc undergoes an increase at low-proton dose, saturate
around a dose of 231015 protons/cm2, and then degrade
when the dose is increased further. This same behavio
also seen in YBCO.14.30

FIG. 3. Critical current density of the Hg-1212 film at differe
fluences forT55 K. Inset:Jc’s for Hg-1223 film at zero externa
field; from top to bottom, magneticJc’s atT55, 50, 77, and 90 K;
transportJc at T5100 K.
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56 865EFFECTS OF 1-MeV PROTON IRRADIATION IN Hg- . . .
To give a more quantitative description, the normaliz
Jc , which is defined as the ratio ofJc’s after and before the
proton irradiation (Jc /Jc,unirradiated), is plotted as function of
the field in Fig. 4~a! for Hg-1212 and in Fig. 4~b! for Hg-
1223 films, respectively. The enhancement ofJc seems to be
more significant at higher field and an optimum increase
nearly 90% is observed at 0.9 T for Hg-1212 film for
proton dose of about 8731015 protons/cm2, where the drop
in Tc is still negligible. At higher doses, for example, 1
31015 protons/cm2, this enhancement falls to about 40%
the same field. Similar behavior was also seen on Hg-1
films as shown in Fig. 4~b!, where for the available dat
enhancement is highest at about 64% increase for a dos
431015 protons/cm2 and a field of 0.18 T. This is about fiv
times higher than the enhancement for Hg-1212 at the s
field and comparable dose. By comparison,Jc enhancemen
in YBCO was reported to be as much as ten times for 1
and 1031015 3-MeV protons/cm2.13 The minimum field
required forJc enhancement increases monotonically w
dose. For the lowest dose with Hg-1212, this occurs at ab
0.1 T; with Hg-1223, much lower, about 0.07 T. For th
Hg-1223 sample there is no enhancement after
31015 protons/cm2. The presence of kinks at about 0.5 T
Fig. 4~a! may likely be caused by an artifact of the measu
ment system.

III. DISCUSSION

The effect of 1-MeV proton irradiation on Hg-1223
found to be very similar to that on other HTSc’s in bo

FIG. 4. Normalized magneticJc vs field curves at different pro
ton fluences for~a! Hg-1212 film and~b! Hg-1223 film, both at 5 K.
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normal state and superconducting state. The damage
that affects the superconductivity in Hg-1223, however,
much lower than that for other HTSc’s.3,18,27 For example,
loss of superconductivity occurs at;0.035 dpa for YBCO
~Refs. 3 and 18! and at 0.02 dpa for Tl-based cuprates27

compared to 0.0064 for Hg-1223. A possible explanation
that some sites associated with Hg21 and O22 in the Hg-1223
have much lower activation energies. This is inferred fro
the low annealing temperature for oxygen diffusion in H
1223. We have found that theTc0 of a Hg-1223 film can be
increased by 15–20 K when it is annealed at a temperatur
low as 200 °C in flowing oxygen.31 For YBCO, an annealing
temperature above 400 °C is needed to diffuse oxygen
the sample. Furthermore, our recent hot-stage x-ray diffr
tion study of the Hg-1223 film in flowing O2 suggests that
Hg is activated at temperatures above 425 °C,32 while in Tl-
based cuprates Tl is stable at a much higher temperature
800 °C.33

Most of the proton-irradiation effect on HTSc’s is we
understood. However, the linearTc decrease with ion fluence
in the low-dose region, an effect that is universal to m
HTSc’s including YBCO, Bi- and/or Tl-based compound
and the Hg-based cuprates, remains a mystery.

This has triggered many theoretical models, yet no c
sensus has been reached to date.34–37For example, a depair
ing mechanism caused by Cu and O vacancies was prop
by Jacksonet al.34 However, inconsistencies still exist,35,36

moreover, the linear relation between theTc depression and
the defect density derived from their model applies only
the case whereDTc!Tc0 ,

34 yet in Hg-1223 we found this
linearity to extent toDTc.45 K @Fig. 2~c!# which is more
than 1

3of the unirradiatedTc .
The question is as follows: why is the superconductiv

greatly affected at such a low damage level as observe
Hg-1223 film? Assuming superconductivity in a unit cell
completely destroyed if one atom is knocked out, then
volume-ratio threshold of the damaged material is less t
5% at 0.0029 dpa for Hg-1223. This value is much low
than the threshold for the destruction of superconducting p
colation in a two-dimensional system which is around 30
This discrepancy indicates that several unit cells must
affected to a certain extent when one atom is knocked ou
hint of such an effect was already seen in our earlier stud
microstructures in proton irradiated YBCO using hig
resolution transmission electron microscopy, where a la
stressed volume around a point defect was observed.38 Iden-
tical features were also observed in proton-irradiated b
Hg-based cuprates.39 Assuming a poorer superconductivit
exists in those distorted unit cells, the observedTc would be
dragged down by the proximity effect between the origin
and the distorted volumes.40,41We therefore propose the fol
lowing model based on the proximity effect.

Let us divide the proton dose range into three differe
regions: low dose, high dose, and very high dose. In
low-dose region, which is below 531015 protons/cm2 for
Hg-1223 films, few point defects are produced so that
volume fraction of distorted unit cells is too small to affe
the superconductivity of the sample; thusTc is nearly un-
changed during the irradiation. In the high-dose regi
which is between 531015 protons/cm2 to 50
31015 protons/cm2 for Hg-1223 films, we may picture the
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866 56GAPUD, LIU, WU, KANG, KANG, YUN, AND CHU
sample as multilayers of original superconductor~layer A!
sandwiched by materials in distorted unit cells~layer B).
The thickness of layerA is much bigger than the thickness
layerB since the dose is still low. As the dose is increas
the relative thickness change of layerA is then much smaller
than that of layerB. One may assume that the thickness
layer A is approximately a constant while the thickness
layer B is increased linearly with the proton dose. A line
decrease ofTc is then expected based on the proximity b
tween layerA and layerB as shown from both theory an
experiment.40,41 The very-high-dose region begins at abo
5031015 protons/cm2 as the volume fraction of the distorte
unit cell becomes comparable to the threshold at which
perconducting percolation is destroyed.Tc decreases much
more rapidly than the linear behavior because now the r
tive change of thickness in layerA is comparable to that in
layer B; this has also been predicted by the proxim
effect.41 Finally, when the threshold is passed and superc
ducting percolation no longer exists, the current has to fl
through the damaged material in layerB, and a drastically
reducedTc should be observed.
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