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Destruction of superconductivity in Nd,_,Ce,CuO,_ 5 thin films by ion irradiation

S. I. Woods, A. S. Katz, M. C. de Andrade, J. Herrmann, M. B. Maple, and R. C. Dynes
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(Received 9 March 1998

We have measured the resistivity and Hall coefficient of N€e,CuQ,_ s (NCCO) thin films sequentially
damaged by ion irradiation. ThE, of the NCCO decreases linearly with residual resistivity and extrapolates
to zero atR /(unit cell)=5—10 k(Q, results similar to Y-Ba-Cu-O. We suggest that the physical basis for
this behavior in NCCO may be disorder effects in a homogeneous two-dimensional superconductor. Unusual
behavior of the Hall coefficient gives further evidence that NCCO may be a two-carrier conductor.
[S0163-182698)04537-9

I. INTRODUCTION sphere on yttria-stabilized zirconiy SZ) substrates held at
820 °C. A vacuum post-anneal during cooldown adjusted
The electron-doped cuprate superconductoroxygen doping to optimize film properties. All samples were

Nd,_,CeCuQ,—; (NCCO exhibits differences from the patterned into Hall bars 10@m wide with 300 um be-
more extensively studied high; hole-doped cuprates in tween voltage arms using photolithography and ion milling.
both its normal state and superconducting properties. Severgbw resistance contacts were made by evaporating silver
studies™ imply that NCCO may be a more conventional, contact pads after etching the NCCO surface with a 4% HCI
BCS-gapped superconductor within a class of materials witlyg|ytion.

an exotic pairing function. This makes NCCO a key perov-  riims were irradiated by either 200 keV Ne1000 A
skite oxide superconductor to understand: elucidating itgyic films) or He™ ions (4000 A thick filmg. The thick-
properties could determine whether the mechanism for pairﬁesses of the films were chosen so that the ions would have

ing in the planes is crucial for the high.’s of the cuprate$. epough energyas calculated byriM simulatior?) to pass
o]

We have probed the superconducting and normal states ntirely through the NCCO and embed in the YSZ substrate.

NCCO in a series of transport experiments on ion-irradiate . . : ; ;
thin films. By measuring resistivity(T) and Hall coefficient f:r?\igg iﬁfgﬁgﬁ;ﬂﬁﬁghﬁ;[rr:]etmgiigaslspmmOtes uniformity of

Ry(T) of NCCO films as point defects are introduced, it is
possible to study how superconductivity is destroyed. Re- At €ach level of damage(T) was taken by a standard

sults can be compared with previous ion damage studies diur-Peint ac lock-in technique at low frequency anckA
Y-Ba-Cu-O°° These studies showed that the superconduceXcitation current. Hall measurementsfj(T) were made
tivity of Y-Ba-Cu-O is much more robust with respect to at a field ¢ 8 T by t_hesame four-point ac lock-in techn_lque.
disorder than expected for a pudewave superconductor. The upper critical field of NCCO at zero temperature is8T,
Preliminary studies on NCCO suggested that its dependen&® anomal'ous Hall effects' from vortex motion should not be
of T, on damage is similar to that of Y-Ba-Cu-O and otherOPserved in our data. This relatively loi;(0) makes it
hole-doped cupraté possible to measure normal-state carrier behavior in NCCO
Here we present data on a set of films that exhibit a conbelow Tc, an advantage over many of the hole-doped cu-
tinuous destruction of superconducting behavior with in-Prates which display extraordinarily large values oy, .
creasing ion damage. A small amount of ion-induced disor- Figure X&) shows a series of resistivity curves for a se-
der raises the residual resistivity and decreasesTtheAt ~ quence of damage levels measured for three films with
higher fluences, resistivity rises rapidly at low temperature$C€l=0.14. At temperatures above 150 K, all curvestil
due to a combination of increased scattering and carrigi?® most damaggdre approximately parallel and thus only
freezeout. Disorder induced a drop . which showed differ by a temperature-independent residual resistivity. This
strong similarities to results in Y-Ba-Cu-O despite significantiMPlies that the ion damage simply introduces defect scatter-
qualitative difference in the resistivity and Hall coefficient INg centers and that the oxygen doping of the NCCO is not

(as a function of temperaturef NCCO and Y-Ba-Cu-O. affected by the damageehanging oxygen doping changes
the temperature dependence of resistivity in the normal

statg. The resistivity curves above 150 K obey Matthies-
sen’s rule withp(T)=p,+A(T), where A(T) is approxi-
We prepared-axis-oriented NCCO thin-film samples by mately constant over damage levels andncreases mono-
pulsed-laser ablation. One set of films was grown 1000 Atonically with ion fluence. All our data can be well fit by
thick using a target with initialCe]=0.15 and was damaged either A(T)=aT+bT? with bT?>>aT or A(T)=aT# with
with 200 keV N€ ions. A second set was grown 4000 A B~1.7. From these fits we can extragj for each level of
thick using a target with initiglCe]=0.14 and was damaged damage. Figure(b) illustrates some of these fits. Figuree)l
with 200 keV He ions. shows resistivity on a log scale for higher levels of damage.
All films were grown using a KrK248 nm) pulsed exci- At lower temperaturesi.e., below 150 K, increased ion
mer laser focused to an intensity of approximatelyfluence changes the temperature dependence of the resistivity
1.6 J/icnd. Deposition took place in a 180 mN,O atmo- as the NCCO is driven nonsuperconducting by disorder. Fig-

II. EXPERIMENTS AND RESULTS
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FIG. 1. (a) Resistivity as a function of temperature for NCCO
([Ce]=0.19) films damaged with He ions. From bottom to top, ion
fluences are 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, and<48* ions/cn?. (b)
Representative fits of resistivity data to the functip(iT)=p,
+aT#, with B~1.7, over the rang&=100-300 K.(c) Resistiv-
ity as a function of temperature for NCC(Ce|=0.14) films at
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FIG. 2. (@) T, of NCCO ([Ce]=0.19 films as a function of
residual resistivity. Note the linear dependence ithextrapolat-
ing to zero near 600u) cm. (b) ScaledT.'s of ion-damaged
NCCO and Y-Ba-Cu-O films as a function of residual resistivity.
The two Y-Ba-Cu-O films were grown and damaged using the same
facilities as our NCCO films.

ure 2a) shows howT. (measured at the midpoint of the
resistive transitiopis depressed toward zero with increasing
residual resistivity caused by damage. The superconductive
transition widths increase somewhat with damage but remain
relatively sharp. As shown in Fig(), the dependence df;

on p, is similar to that seen in Y-Ba-Cu-@&calingT. by T,

in the undamaged materjabnd thus suggests a similar
mechanism for destruction of superconductivity in these two
materials. In particular, the criticad, where the materials
become nonsuperconducting is similar and both curves show
an approximately linear dependenceTqfon p, .

Companion Hall data for numerous damage levels on a
single sample are shown in Fig.By(T) for all temperatures
and damage levels is negative in sign, implying nominal
electron carriers for the NCCO films. ThHey(T) curves
show complicated behavior as a function of both damage and
temperature. The high-temperature value |Bf;(T)| de-
creases with damage monotonically but at low temperatures
|R4(T)| decreases to a minimum and then increases. For all
samples the amplitude of the Hall resistivity shows a trend

high levels of ion damage. From bottom to top, ion fluences are Ofrom concave down to concave up at low temperatures with

6.5, 12.5, and 18810 ions/cnf.

increasing damage. As will be discussed, the behavior of the
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o T 7T 1 spatially localized in a 2D material and when the localization
ol Zzz:g :z:zi:z length becomes shorter than the superconducting coherence
hl o 3.5x10" ions/em’ ] length, superconductivity collapses, and is replaced by insu-
6x10° [ o 6.5x10" ions/om® E lating behavior.
- o o 12.5x10" ionsfom? ] For both NCCO and Y-Ba-Cu-Oi. shows a near-linear
. dependence op,, and T, extrapolates to zero at residual
resistivities between 500 and 2500 cm. These two ma-
terials, however, show many differences in their supercon-
ducting properties and normal-state transport. Evidence from
surface impedance measurements imply NCCO has a well-
defined gap consistent with an isotropic s-wave
superconductot® Tunneling studies also imply that the gap
in NCCO is well-defined and excitations consistent with
ol , L | phonons take part in superconductivity:> Numerous ex-
0 50 100 150 200 250 300 periments, on the other hand, have shown Y-Ba-Cu-O to be
Temperature (K) a mixed symmetry superconductor with a domindnwave
N . ~ order paramete®~® In the normal state, NCCO shows a
FIG. 3. Hall coefficient as a function of temperature for a single g herlinear temperature dependence for resistivity, whereas
NCCO ([Ce]=0.14) film sequentially damaged with Heions. All v g (.0 exhibits linear background resistance. NCCO is
NCCO films exhibited negativRy for all temperatures and for a!l doped with electrons and exhibits negatiRig (for [Ce] near
Ice;SsW(i)tLd;;rr];a:;élAt room temperatufB,| decreases monotoni- the optimum \_/a_lue 0])5 and Y-Ba-Cu-O is doped with
holes and exhibits positivRy,. The symmetry of the order

- ) i . parameter and the specifics of carrier scattering, therefore, do
HaI_I coeff|c_|ent in these NCCO films can possibly be ex-not seem to crucially impact the dependencd gbn p, in
plained by invoking a two-carrier model. these cuprates.

Two possible explanations for the, vs p, curve can be
IIl. DISCUSSION discognteq in NCCO, alj[hough they have bgen advancgd to
describe similar results in Y-Ba-Cu-O. The first mechanism

Two prominent results of this experiment are the depenis destruction of superconductivity in d-wave supercon-
dence ofT on p, as induced by ion damage and the unusuabuctor by nonmagnetic scatteribg}’ If NCCO is an isotro-
dependence of the Hall coefficient in NCCO on temperaturgic s-wave superconductor, this mechanism does not apply.
and damage. Th&. vs p, behavior in NCCO is similar to But even if NCCO is forced to fit to such a model, the fitted
that in Y-Ba-Cu-O despite many differences in their elec-value for the plasma frequenay, is 0.32 eV, a value one-
tronic properties. Explanations @t vs p, in Y-Ba-Cu-O in  third that found in optical measuremenfsThe second dis-
the literature depend on pair-breaking from scattering or orrountable mechanism is destruction of superconductivity in a
superconducting phase fluctuations, explanations that do ntbad metal” by phase fluctuationS:'¢ As pointed out by
extend in a straightforward way to NCCO. The data suggesEmery and Kivelson, the bulk, of NCCO should not be
a different physical basis for the, dependence of. in both  affected by phase fluctuations and is determined chiefly by
Y-Ba-Cu-O and NCCO: destruction of superconducting pairits mean-field transition temperatui®Any explanation for
amplitude by disorder in a two-dimensional superconductorT, vs p, for NCCO must lie elsewhere, and thus, given its
This model requires only planar superconductivity, a prop-similarity to T, vs p,, in Y-Ba-Cu-O, so may the explanation
erty Y-Ba-Cu-O and NCCO have in common. for Y-Ba-Cu-O.

The dependence df. on p, gives a simple measure of Both NCCO and Y-Ba-Cu-O are composed of stacks of
how superconductivity depends on disorder. In an ideatoupled conductive copper-oxygen planes with a unit cell
three-dimensional isotropics-wave superconductorT,  approximately 12 A high. This two-dimensional nature sug-
should be unaffected by elastic nonmagnetic scattering agests that thé. dependence on disorder in these materials
cording to Anderson’s theorem. An ideddwave supercon- can be compared to the superconductor-insulator transition in
ductor, on the other hand, should hav& astrongly depen- disordered 2D film$324In fact, two-dimensional supercon-
dent upon nonmagnetic scattering because this scatterirducting films exhibit a transition from superconductor to in-
disrupts thek-space distribution of the pair potential associ- sulator at a resistance-per-square approximately equal to
ated with superconductivity, introducing pair breaking. Mag-h/4e?~6500 €. For our two sets of NCCO films, the criti-
netic scattering strongly affects; in both thes-wave and cal Rg-per unit cell whereT; extrapolates to zero are ap-
d-wave cases. In ion damage experiments, Y-Ba-Cu-O angroximately 5000 and 12 00@). Values between 8000 and
NCCO fall between these extremes: they are sensitive t@5 000 () are seen for Y-Ba-Cu-&*¢°|t therefore seems
nominally nonmagnetic scatterdendT. is driven to zero as  plausible that superconductivity is destroyed by dimensional
scatterers increagbut they are much less sensitive to disor- constraints in a disordered material, modulated somewhat by
der than predicted fod-wave superconductdtsgor for both  interlayer coupling. Given that superconducting transition
s-wave andd-wave superconductors if the defects are mag-widths remain relatively sharp with increasing damage in our
netio. In any two-dimensional(2D) superconductor, in- NCCO resistivity curves, the model system for comparison
creased scattering lowels and destroys superconductivity should be a homogeneoysot granulay two-dimensional
at a characteristic sheet resistance. Single particle states diln.
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Before concluding discussion on tie vs p, data it is L L L '
important to note that there is not yet definitive proof that the 8x10? T e A8
nature of superconductivity in NCCO and Y-Ba-Cu-O is dis-
similar. Although there are obvious differences between the
two materials, there is not yet consensus on the symmetry of ~ exto” 48
the order parameter in NCCO. It has been argued that theiz .
activated surface impedance data in NCCO can result from<
disorder effects in a-wave superconductdt.None of the &= "' ¢ 1*
tunneling data on NCCO shows perfectly classic BCS ~ - A
s-wave structure. Infrared transmission data shows non-BCS | .| » , e A s
behavior of the superconducting gap in NC&aDur results A
could support the argument that NCCO is more similar to e ®
than different from the other superconducting cuprates. ) S S S U S R PN

The Hall coefficient for our films has significant depen- o o 2 %0 40 % 6070
dence on temperature and Rijec=10?*— 10> cm 2 as in Fluence (10" ions/erm’)

Y-Ba-Cu-O. Otherwise it displays unusual behavior all its . . .
own. |Ry| increases as temperature decreases for all damagle FIG. 4. Comparison of -Byec and 1j as a function of ion

. . tence afT=25 K for NCCO([Ce|=0.14) films. The inverse Hall
levels, andRy| changes from concave down to increasingly

t " t disorder i esistance remains relatively constant while the inverse Hall mobil-
concave up at lIow temperatures as disoraer Increases. é&/ increases by over an order of magnitude. At this temperature,

high temperaturesRy| surprilslingly decreases V\_’ith damage. glectrons seem to dominate the Hall measurement.

At low temperatures|Ry| initially decreases with damage

and then increases as its concavity changes. In Y-Ba-Cu-tw fluences, this irradiation increases scattering by intro-
Ry increases monotonically with disorder as would be ex-ducing defects without significantly changing the carrier den-
pected ifRy were inversely proportional to free carri€rs.  Sity. Figure 4 shows that A4, = p/Ry (proportional to scat-

A possible explanation for the behavior Bf; in these tering rat¢ increases monotonically while Rjec is
NCCO films is that two bands contribute carriers; i.e., therd€latively constant as a function of increasing ion fluence.
is significant conduction by both holes and electrons, WithDheSp'te the!lr electronic differences, NCCO and YHBa'EU'O
electrons dominatingRy(T) is negativé. If more hole car- show:a simi ar.dependence f on po, |nd|g:qt|ng_ that the
riers than electron carriers are destroyed by damBgayill ~ S&M€ Mechanism destroys superconductivity in these two
become more positive; i.dRy| will decrease. Actually, in a materials. The data implies that disorder effects in homoge-

g 1 nH . [l

two-carrier mode|Ry| can decrease even if relative numbersneous two—dlmensmngl superconduqtmg systems may _hc_)ld
X H . the key to understanding the destruction of superconductivity

of cariers stay the same and only scattering ch.aFbese- in NCCO and Y-Ba-Cu-O at approximateRy /(unit cell)

vious studies in NCCO have invoked a two-carrier model to_ /402 The data give further evidence for two-carrier con-

H ot 27,28
explam unusgal cr;aracterlsr?.csh B - Holes ﬁeem. 0 guction in NCCO and suggest that electron transport domi-
contribute noticeably t&y at high temperatures wheRy, i \a1a at Jow temperature, especially in disordered samples.
balanced in negative and positive contributions and is thus

very small and can decrease with damage. Electrons seem to ACKNOWLEDGMENTS
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