PHYSICAL REVIEW B VOLUME 56, NUMBER 2 1 JULY 1997-II

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 HgBgCaCyOg, s (Hg-1212 and HgBaCa,CusOg, s (Hg-1223 thin films. At low
proton doses, we observed a linear decrease of the superconducting transition temperandea linear
increase of the extrapolated residual resistivity as proton dose is increased. This is consistent with observations
of other highT, superconductors while a lower dose threshold for suppressing the superconductivity is found
in Hg-1212 and Hg-1223 films. To explain the linear dose dependentg, afie 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 degrad&0163-18297)03926-X

. INTRODUCTION HgBa,CaCu,0s, s (Hg-1223 phases have a relatively high
irreversibility line, staying between that for Y O; 5
lon-beam irradiation has been an effective method for in{YBCO) and that for Bi- and/or TI-based compoundshis

troducing various defects into materials in a fairly predict-means that Hg-1212 and Hg-1223 are more anisotropic than
able and controllable fashion. These defects have two gent!BCO, believed to be a three-dimensional system, and less
eral effects on the material. First, they perturb the crystallingtnisotropic than Bi- and/or Tl-based compounds, regarded as
as well as the electronic structures of the original materiaf¥0-dimensional systems. Our recent study on the pinning
and therefore can be used to probe many important physicQIOte”t'a|,°f Hg-1212 films indicated that its original pinning
properties of the material. The effect of ion-beam irradiationSrendth is lower than that for YBCO and higher than that for
has been extensively studied in many hithsuperconduct- Bi- and/or T"b‘?‘sed co_mpoun@%.The Hg-based cuprates,
ors (HTSc'Y during the past ten years. This study hasiN€réfore, provide an interesting system for the study of
yielded many interesting resufts!tincluding the most strik- Phsical properties in order to achieve a complete picture for
ing and puzzling observation by Summetsal. of a univer- ~ Various HTSc's. We have recently studied the effect of
sal linear dependence of the decrease rate of superconductif]f ev proton beam_ |rrad|at!on on _the r)ormal—state resistivity
transition temperatureT() with ion dose (T./d¢) on the (p), Tg, andJ; on high-qualityc-axis-oriented Hg-1212 and
nonionizing energy loss of the incident ion beathSecond, Hg-1223 . thin_films. Th? advantage_ of using th'”'f"”.”'
ion-beam irradiation has been used to produce magnetic ﬂl&amples is that for most ion beams with r_noderate energies,
pinning centers in HTSc's. This includes creation of weakthe beam range is much larger than' thg th!ckness of the film.
pinning centers via displacive interactions in Iow-energyOne may then assume tha_t the distribution O.f the defects
light-ion irradiatior’*~*” and strong pinning centers in co- produced by the beam is uniform across the thickness of the

lumnar defects produced by high-energy heavy-ionf”m' which makes the analysis of the result much simpler. In
irradiation 18 this paper, we report our experimental results and present an

The newly discovered Hg-based  cuprates€XPlanation of the data.
(HgB&Cq,_1Cu,0,,. 24 s N=1,2,3,4) have attracted much
attention because of their record high above 130 K that
makes-them very promising for many commercial applica- The irradiation experiment was carried out mainly on Hg-
tions. Moreover, HgB#aCuyOg.s (Hg-1212 and 1223 films. One Hg-1212 film was also used fprobserva-

Il. EXPERIMENT
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tions. All samples were grown on SrTi@ubstrates using a ] L A A B B

three-step fast temperature ramping Hg-vapor annealing pro- 12 140.0 ]
cess. The details of the film fabrication procedure have been ]
reported elsewherd= 23 These films are approximately 700 10

—

nm in thickness. Both magnetic and electrical transport prop- € 1 ]
erties were measured in the proton-irradiated films. For & 81 ]
transport measurement, a 2@on X 1.7 mm bridge was DA ]
patterned on a Hg-1223 film using the wet etching method. = €7

After etching, four silver electrical contacts were sputtered <=

onto the four corners of the film. Before irradiation, this 4
sample had a zero-resistance transition temperaiiyg) ©f 2 =
123.6 K and a critical current density of 0.27 MA/€rat ] unirradiated
100 K. The originalT.'s of the samples used for magnetic 0] ]
measurements are 128.5 K for the Hg-1223 film and 124.0 K " 50 100 150 200 250 300
for the Hg-1212 film. Temperature (K

The irradiation was performed at the 1.7 MeV Pelletron : emperature ()
Tandem accelerator at Texas Center for superconductivity at T . T MMM .
the University of Houston. A proton beam of 1 MeV was 3op ]
selected to generate point defects in the film. The energy loss : ]
of 1 MeV protons in Hg-based cuprates is about 37 keV over 25 a ]
the 700-nm thickness, or only 3.7% of the incident energy. T ool ]
This means that the sample is effectively two dimensional, S 2'03' 1
with uniform damage even at high dosage. At 1 MeV energy, < [ 30.0 ]
the proton collision cross section is of Rutherford form for g 1'5;_ 20.0 ]
all nuclei, including O, and therefore does not show any . | | 16.0 ]

i i ; ror 12,0 ]

resonances, so there is no preferential bombardment in the ]
sample. The average range of the 1-MeV proton is estimated Z:Z ]
to be 10um, which is much larger than the thickness of the 12
film used in this experiment; thus the defects created are .t unirradiated ]
approximately uniform across the thickness of the film. The 100 P o0 50 200
proton beam line was equipped with a&Y scanner for (b) Temperature (K)

uniform irradiation over a 18 10-mnt area and a deflector
to avo'd_ neutral beam bombardr_nent. The dosage was mea- FIG. 1. (a) Hg-1223 filmp-T curves at different proton fluences
sured with a current integrator with a 300-V secondary eleCynere an arrow shows the “kink” signifying the onset of metal-
tron suppressor on the sample. . insulator transition; andb) the samep-T curves at low doses.
Measurements of resistivitp) and critical current den- pgses are in units of 28 protons/cra.
sity (J;) were conducted in a close-cycle cryostat system
where temperature control is accurate to within 0.5 K and thénduced point defects. According to Mattheissen’s rule,
minimum working temperature was about 15 K. Platinump(T)=p;+ p.(T), wherep (T) is the resistivity of the metal
wire contacts were made on the sputtered silver pads witAnd is independent of the dose. The residual resistpyitis
silver paste and were retained throughout irradiation andlefined for a superconductor as the zero-temperature inter-
characterization for most of the experimehtwas estimated cept of the extrapolated straight line from the linear part of
using the criterion of luV/cm. Magnetization M) was the p-T curve—in our study, fromlT=250 to 150 K. As
measured in a commercial superconducting quantum intesshown in Fig. 2a), the slope of the normal part of the T
ference device magnetometer at temperatures ranging fromdurves, which is defined using all data points from 250 to
to 110 K. The magnetic field was applied normal to the film.150 K, remains fairly constant for proton doses up to 50
Magnetic J, was inferred from hysteresis curved{H X 10' protons/cri. The residual resistivity, however, was
loops using the Bean model. found to increase linearly with the proton dose in the same
The p-T curves obtained for the Hg-1223 film are shown dose rangdFig. 2(b)], which is consistent with Mattheis-
in Fig. 1(@ for proton doses from 0 to 140 sen’s rule. When the dose is further increagedncreases
X 10'® protons/cr and in Fig. 1b) for the low-dose range drastically while the slope of the-T curve decreases, indi-
of 0 to 30x 10* protons/cr. The unirradiated sample had cating a metal-insulator phase transition at high doses. Mean-
a ratio p(250 K)/p(150 K) of about 2.05. At low doses, as while, T, decreases monotonically with proton fluence. In
detailed in Fig. 1b), the temperature dependence of theFig. 2(c), the onset transition temperaturg;(,nse) and zero-
normal-state resistivity remains linear, indicating a metallicresistance temperaturd ) are plotted as functions of the
behavior in the sample while a small number of point defectgproton dose. It is clear that bofh; o, and Ty decrease
were introduced by the proton irradiation. The magnitude ofinearly with the proton dose in the dose range of 0 to 50
the resistivity, however, increases monotonically with thex 10'® protons/cr and decrease much more rapidly as the
proton dose. Since the-T curves are parallel to each other dose is further increased. These effects seem to be universal
aboveT,., the increase ip can be attributed to the residual for most highT. superconductors, as reported in other stud-
resistivity due to alloying of metallic Hg-1223 by proton- ies with various ion-beam irradiatiofs:?4-28



864 GAPUD, LIU, WU, KANG, KANG, YUN, AND CHU 56

Ap/AT (107 Qem/K)
F
1
1

T T T T T Y T v T T T T T T T T
0 20 40 60 80 100 120 140 160

(a) Dose (10'% H*/em?)
T T T T T T
5 s
4 4 m
T 34 ]
Q
=}
b
e
-
T T T T L
0 20 40 80 80 100 120
(b) Dose (10'® H* / cm?)
160 -
140 E
] Tc,onset [
120 E
100 -
< ] [
S 80 r
© ] [
F s0 r
:
20 F
0] T T T T T T T T T Tt
0 20 40 60 80 100 120
() Dose (10'%cm?)

FIG. 2. (a) The slope of the linear portion of the T curves for

8.0x10° T T T T T T
10
A4 s . 5K
7.0x10° 10 T 50K |
or N
B 5. B
i e 90K
6.0x10° - 0:02T B ” 7 -
(\I’\ | \ transport, 100 K * i
E {m? 1] 5 10 15 20 25
S 5.0x10° - \ﬁ\ ]
S 1 \. D B
- . I
4.0x10° 1 o o 1o — \ e
0\‘ n
3.0x10° - /' e e
04T® o—@
1 o D/”\n\o 1
2.0x10° -{0.6 T;/: o
0.8T
O o ——
0o 2 4 6 8 10 12 14 16 18

Proton Fluence (1015 cm'2)

FIG. 3. Critical current density of the Hg-1212 film at different
fluences forT=5 K. Inset:J.’'s for Hg-1223 film at zero external
field; from top to bottom, magnetit,'s at T=5, 50, 77, and 90 K;
transport), at T=100 K.

prevalent. This is confirmed also by the deviationrgffrom

its linear decrease with proton dose, clearly seen in Kig), 2

at about a dose of 5010% protons/crd. From TRIM
simulation€® the displacements for 1-MeV proton irradiation

in 1-um-thick Hg-1212 and Hg-1223 films is found to be
approximately 310 °/(ion A) and 4x 10 %/(ion A), re-
spectively. For the Hg-1223 films, for example, the proton
doses of 50, 110, and 14QL0*® protons/cr can then pro-
duce approximately 47, 100, and 120 displaced atoms per
1000 unit cells, or 0.0029, 0.0064, and 0.0082 displacements
per atom(dpa. T,y begins to decrease as the damage level
increases beyond 0.000 29 dpa and a linear decrea$g, of
with the proton fluence is maintained up to 0.0029 dpa. At
higher dose, the fluence dependenc@ gfdeviates from the
linear behavior and superconductivity is nearly destroyed at
0.0064 dpa.

Aside from causing material degradation in the supercon-
ductor, it is well known that irradiation-induced defects can
also serve as magnetic-flux pinning centers that can enhance
the critical current densityJ;) by improving the pinning
strength in the material. Since these two effects are compet-
ing, we speculate that during the proton irradiatirwould
be improved when the proton dose is low and then be de-
graded as the dose is high. Meanwhile, the improvement of
J. should also depend on the applied magnetic field, i.e.,
J. should decrease at zero or low magnetic field where pin-
ning is insignificant. When the pinning strength needed at a

the Hg-1223 film fromT=250 to 150 K, plotted as a function of C€rtain applied magnetic field becomes comparable with the
proton dose(b) Mattheissen’s rule: residual resistivities at different PINNING strength of irradiation induced pinning centers, an

fluences; andc) onsetT . and zero-resistanck. of Hg-1223 film at
different fluences.

At higher doses, a kink in the-T curve[shown with an
arrow in Fig. Xa)] that is barely evident at the dose30
X 10'° protons/cmd and becomes visible at dose50

optimizedJ,. improvement should result. Figure 3 shows the
magneticl, as a function of proton dosé & K and different
applied magnetic fields from 0 to 1 T. At zero field and at
0.02 T, a monotonic decrease &f with increasing proton
dose is observed. The same type behavior was also found in
the zero-field measurements of magnétiat other tempera-

X 10' protons/cm, signifies the onset of a metal-insulator tures and transpord, shown in the inset of Fig. 3. As the
transition that reaches critical at a dose of 110field is further increased, for example, close to or above 0.2

X 10" protons/crd and is completed by dose=140
X 10'° protons/cri. The flattening of the slope of the-T

T, J. undergoes an increase at low-proton dose, saturates at
around a dose of 210'° protons/cr, and then degrades

curves at these doses shows significant damage in the matghen the dose is increased further. This same behavior is
rial as overlapping or clustering of point defects becomeslso seen in YBCGO?*3°
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2.0 .

——— T normal state and superconducting state. The damage level

5] DOs® (107°H"/om?) X that affects the superconductivity in Hg-1223, however, is
|12 / ] much lower than that for other HTSAs$8?” For example,
2 167 —es © loss of superconductivity occurs at0.035 dpa for YBCO
g ] :';182 o ] (Refs. 3 and 1Band at 0.02 dpa for Tl-based cuprafés,
s o 16 compared to 0.0064 for Hg-1223. A possible explanation is

. that some sites associated with¥Higind O 2 in the Hg-1223

o o ) have much lower activation energies. This is inferred from
] %g o ] the low annealing temperature for oxygen diffusion in Hg-

0.8+ @0000/ . 1223. We have found that the,; of a Hg-1223 film can be

increased by 15—-20 K when it is annealed at a temperature as
0 low as 200 °C in flowing oxygeft For YBCO, an annealing

(a) H (kG) temperature above 400 °C is needed to diffuse oxygen into

the sample. Furthermore, our recent hot-stage x-ray diffrac-

n
I
(=]
@
)

161 Dose ('1()'15,L|+}cr',12)' ' ' ] tion study of the Hg-1223 film in flowing ©suggests that
| a5 Hg is activated at temperatures above 4252@hile in Tl-
e a4 T based cuprates Tl is stable at a much higher temperature near
3 12] o7 A ] 800 °C¥
3 1 —a—10 o . Most of the proton-irradiation effect on HTSc’s is well
£ 0] LB ] understood. However, the linedg decrease with ion fluence
- o8 82:Ri2:2:2\\ . in the low-dose region, an effect that is universal to most
o 06 S ] HTSc'’s including YBCO, Bi- and/or Tl-based compounds,
] \ ] and the Hg-based cuprates, remains a mystery.
0.4 \ 1 This has triggered many theoretical models, yet no con-
024 a ] sensus has been reached to d4t&’ For example, a depair-
o T T T TNNEUTIER ing mechanism caused by Cu and O vacancies was proposed
) 00 ¢ (k‘é’) 15 20 by Jacksoret al3* However, inconsistencies still exist®

moreover, the linear relation between fhgdepression and

FIG. 4. Normalized magneti&. vs field curves at different pro- the defect density derivegl from their model applies only to

ton fluences fofa) Hg-1212 film andb) Hg-1223 film, both at 5 K. t.he case wheraT.<Te,™ yet in Hg'1223 we fo_und this
linearity to extent toAT.>45 K [Fig. 2(c)] which is more

To give a more quantitative description, the normalizedthan 3of the unirradiatedr . . _ .
Jc, which is defined as the ratio df's after and before the ~ The question is as follows: why is the superconductivity
proton irradiation §¢/Jc uniragiaeds S Plotted as function of ~greatly affected at such a low damage level as observed in
the field in Fig. 4a) for Hg-1212 and in Fig. @) for Hg-  H9-1223 film? Assuming superconductivity in a unit cell is
1223 films, respectively. The enhancemengoseems to be completely destroyed if one atom is knocked out, then the
more significant at higher field and an optimum increase of/Clume-ratio threshold of the damaged material is less than
nearly 90% is observed at 0.9 T for Hg-1212 film for a ©% at 0.0029 dpa for Hg-1223. This value is much lower
proton dose of about 87105 protons/cri, where the drop than the threshold for the destruction of superconducting per-
in T, is still negligible. At higher doses, for example, 16 colation in a two-dimensional system which is around 30%.
X 1015 protons/crf, this enhancement falls to about 40% at This discrepancy indicates that several unit cells must be
the same field. Similar behavior was also seen on Hg_lzzgffected to a certain extent when one atom is knocked out. A
films as shown in Fig. @), where for the available data hint of such an effect was already seen in our earlier study of
enhancement is highest at about 64% increase for a dose Bicrostructures in proton irradiated YBCO using high-
4x 10 protons/cr and a field of 0.18 T. This is about five resolution transmission electron microscopy, where a large
times higher than the enhancement for Hg-1212 at the sanfiréssed volume around a point defect was obsé&&ﬂan-
field and comparable dose. By comparisdpenhancement tical features were also opserved in proton-|rrad|ateo! pulk
in YBCO was reported to be as much as ten times for 1 THg-Pased cuprat€€. Assuming a poorer superconductivity
and 10<10' 3-MeV protons/crd*® The minimum field exists in those distorted unit cells, the obser¥edvould be
required forJ, enhancement increases monotonically withdragged down by the proximity effect between the original
dose. For the lowest dose with Hg-1212, this occurs at aboind the distorted voluméS:**We therefore propose the fol-
0.1 T; with Hg-1223, much lower, about 0.07 T. For the I0Wing model based on the proximity effect. ,
Hg-1223 sample there is no enhancement after 7 ITet us divide the proton dose range into three different
X 10" protons/crh. The presence of kinks at about 0.5 T in '€gions: low dose, high dose, and very high dose. In the

; iR i 5
Fig. 4@ may likely be caused by an artifact of the measure-OW-dose region, which is below %610'° protons/cr for
ment system. Hg-1223 films, few point defects are produced so that the

volume fraction of distorted unit cells is too small to affect
the superconductivity of the sample; thiis is nearly un-
changed during the irradiation. In the high-dose region,
The effect of 1-MeV proton irradiation on Hg-1223 is which is between 510" protons/cd to 50
found to be very similar to that on other HTSc's in both X 10™ protons/cm for Hg-1223 films, we may picture the

[ll. DISCUSSION
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sample as multilayers of original superconductiaryer A) IV. SUMMARY
sandwiched by materials in distorted unit ce(llayer B).
The thickness of layeA is much bigger than the thickness of
layer B since the dose is still low. As the dose is increased
the relative thickness change of laykiis then much smaller
than that of layeB. One may assume that the thickness of
layer A is approximately a constant while the thickness of
layer B is increased linearly with the proton dose. A linear
decrease off; is then expected based on the proximity be-
tween layerA and layerB as shown from both theory and
experiment®# The very-high-dose region begins at above
50x 10* protons/cm as the volume fraction of the distorted
unit cell becomes comparable to the threshold at which su-
perconducting percolation is destroyéld, decreases much
more rapidly than the linear behavior because now the rela- This work was supported in part by UASFOSR Grant No.
tive change of thickness in laydy is comparable to that in F49620-96-1-0358, NSF Grant No. DMR-9632279, and NSF
layer B; this has also been predicted by the proximity EPSCOR fund, the University of Kansas GRF fund and new
effect*! Finally, when the threshold is passed and superconfaculty start-up fund. A.A.G. and B.W.K. would like to ac-
ducting percolation no longer exists, the current has to flonknowledge TCSUH for the support and J.Z.W. is very grate-
through the damaged material in lay®r and a drastically ful to P. Hor for providing access to his facilities for this
reducedT . should be observed. experiment.

In summary, the effect of 1-MeV proton irradiation on
Hg-based thin-film superconductors is qualitatively similar
to that on other HTSc's but quantitatively more sensitive to
the proton doses. We proposed that the proximity effect
plays a role in the degradation of the superconductivity, par-
ticularly in the linear decrease at. with proton dose at low
dosesJ, is enhanced by as much as 90% at optimum dose of
around 5< 10'® protons/cr, whereT, decrease is fairly in-
significant.
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