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Granularity-induced gapless superconductivity in NbN films:
Evidence of thermal phase fluctuations
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Using a single-coil mutual inductance technique, we measure the low-temperature dependence of the mag-
netic penetration depth in superconducting NbN films prepared with similar critical temperatlife but
with different microstructures. Only100 epitaxial and weakly granulafl00) textured films display the
characteristic exponential dependence of conventional B@@ve superconductors. More granuldil)-
textured films exhibit a linear dependence, indicating a gapless state in spitesafvthe gap. This result is
quantitatively explained by a model of thermal phase fluctuations favored by the granular structure.
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A distinctive property of simple superconducting materi- reported in Table (see Refs. 15 and 16 for more detgils
als like metals and alloys is the absence of thermally actigrowth temperatures are either room temperature or 620 °C;

vated electronic excitations at low temperatufe<T;,  substrates are (DR) Al,O5 or (100) MgO single crystals or

Where.'l'c is the critical temperature._ This prope_zrty is CO”SiS'(lTOZ) Al,O; single crystals with a 12-nm-thidk.00) MgO
tent with a model of superconducting gapg with swave  p ¢ter |ayer; NbN thicknesses range from 10 to 1400 nm.
symmetry, as predllcted by BCS theo.ryrirsln contrasgt, IN COMTpree different types of microstructure are reproducibly ob-
plex materials like heavy fermiors, cuprates, or  iaineq:(i) (100 epitaxial, (i) highly (100 textured, andiii )
rhutenates, thermal excitations of arbitrarily small energies (111) textured. Using100) MgO buffer layers, a high degree
are experimentally observed. This gapless property has beep (100 texture is obtained only in sufficiently thind(
commonly explained by an excitation spectrum with nodal_ 150 nm) NbN films'®

points or lines, characteristic df, with p or d symmetry, The film microstructure is characterized by x-ray diffrac-
respectlv_ely. According to theoretical con5|dera_1t|0ns, 80N tion in the Bragg-Brentano geometry, x-ray pole figure mea-
symmetries are favored by non-phonon-mediated pairing,rements, and transmission electron and atomic force mi-
mechanisms like antiferromagnetic spin fluctuatibow- croscopies (TEM, AFM). X-ray rocking curve analysis
ever, experimental and theoretical studies show that a gapleffdicates that samples A1043 and A1013 are epitaxial with a
state can be induced mwave superconductors by residual fyll width at half maximum(FWHM) of the (420) Bragg
interactionscoexistingwith the pairing interaction, such as reflection less than 1°. The former sample is thl® nm),
magnetic impuritieS, spin density wave$, proximity  whereas the latter is thick950 nm). The film on the MgO
effects!® or phase fluctuations of the order paramététin  buffer layer(A1044) is thin (10 nm) and highly (100) tex-
conclusion, a nors-symmetry implies a gapless state, but thetured. The remaining three films on sapphi#d.057, A1060,
opposite does not hold. and A1063 are all thick (280-1400 nm and display pre-

In this work we investigate whether the above predictionsdominant(111) texture. The different degrees of granularity
of a gapless state apply to tsevave superconductor NbN. in these films are confirmed by AFM and TEM. For example,
By measuring the variation of the magnetic penetration deptin sample A1043, we find an atomically flat surfacand a
MT)—=X(0)=6)N(T) atT=1.5 K, we study the low-energy crystal structure with apparently no grain boundafisse
excitations on films with different microstructures obtainedFig. 1(a)], which indicates that this film is monocrystalline. A
by varying growth conditions. NbN is a model system for granular structure is evident in th@11)-textured sample
our purpose, taking into account the followin(@: the simple  A1060 from the TEM cross-sectional micrograph of Fig.
cubic structure with fcc latticé (i) the conventional BCS 1(b). We note a columnar structure with grains of size 15—-35
swave superconducting properti€s(iii ) the relatively high nm and well-defined grain boundaries, as previously reported
critical temperatureT,~16 K enabling one to study the for films grown under the same conditiotts.
low-energy excitations in a wider temperature region, and The microstructural properties of the six films are corre-
(iv) various materials preparation routes having been develated with dc resistivityo and dc transport critical current
oped and optimized, especially in view of electronicsdensityj, measurements. The results of these measurements
applications:*~16 are summarized in Table I. In all fim3, is close to the bulk

For this work we have selected six NbN films prepared byvalue ~16 K, which indicates that the microstructure does
dc magnetron sputtering with simildr, close to the bulk not appreciably perturb the superconducting phase. Smaller
value ~16 K but with different degrees of granularity ob- residual resistivitie® (20 K)=~50 w{) cm and larger resis-
tained by varying growth conditions. These conditions areivity ratios (300 K)/p(20 K)~1.2 are found in the epi-
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TABLE |I. Summary of sample properties and comparison between experimental valies®fand theoretical ones obtained using Eqg.
(2). For the samples following the BCS thermally activated behai(®, is obtained using a BCSwave fit, as discussed in the text.

Sample A1043 A1013 Al1044 A1057 A1060 A1063
NbN thicknesgnm] 10 950 10 280 680 1400
Substrate AIO; MgO Al,O3/MgO Al,O4 Al,O4 Al,O3
Substrate orient. (1102) (100 (1102)/(100) (1D2) (1102) (1102)
Growth temp[ °C] 620 room temp. 620 room temp. room temp. room temp.
Microstructure epitaxial epitaxial highly textured textured textured textured
NbN orientation (100 (100 (100 (111 (111 (111

T. [K] 14.2+0.1 15.5-0.09 14.4-0.1 13.4:0.1 16.10.1 16.3:0.1

je [MA/cm?] 3.0+0.7 - 9.0-0.3 1.3:0.7 1.1-0.3 0.64+0.04
0(20 K)[pQ cm] 53 50 147 448 88 67
0(300 K)/g(20 K) 1.2 1.2 0.9 0.7 0.9 1.0
A(0)[nm] (BCS fit) 240 260 270 470 - -

NI AT expt.[AIK] 0 0 0 2.1+0.5 3.3:0.2 5.650.5
INIT th. [AIK] 0 0 0 1.6 2.2 3.3

taxial films. The highest values gf(4.2 K)=3 MA/cm?  taken from tunneling data at 1.5 K on sample A1043. The
are found in the epitaxial or thiti100-textured samples, fitted A(0) values are in the range 200-400 nm, in agree-
while the three thick(11])-textured ones exhibit values ment with previous reports:'®A BCS fit is satisfactory also
=1 MAJ/cn?, which decrease with increasing NbN thick- for the thinner(11D-textured film A1057 of Fig. @); in-
ness. In agreement with earlier studfeand with our TEM  deed, the behavior of this sample is intermediate between
results, we conclude the followingi) the epitaxial samples €xponential and linear. For the remaining two samples
have higher crystalline quality, ar(d) in the (111)-textured A1060 and A1063, no BCS fit is possible for any plausible
samples, the degree of granularity—defined as the degree &6t of parameters.
grain decoupling—increases with increasing thickness. These results give evidence of a gapless superconducting
To correlate the above structural and transport propertiestate in the(111)-textured films. We recall the mechanisms
with the low-energy excitations, we have carried éufT)  that may induce a gapless state in a conventional BCS
measurements in the range from 1.5 KTpusing a single- ~S'wave superconducto(i) magnetic impurities(ii) proxim-
coil mutual inductance technique described elsewtere. ity effects, andiii) phase fluctuations of the order parameter.
Typical frequency and magnitude of the e.m. field perpen!n our case, the first two possibilities are excludég:the
dicular to the film surface are 2—4 MHz ard0.1 mT, re-  purity of the Nb target used is 99.995% and traces of mag-
spectively. Care has been taken to always operate in the li€tic impurities are below 10 ppm. We conclude that the
ear response regime, i.e., below the Josephson critical fiemount of these impurities in the films is negligible. In any
B.;, monitored by varying the applied magnetic field. Notecase, the gapless samples contain no more impurities than
that we measure an effective magnetic penetration depth thdfe others, since all of them are prepared with the same Nb
in the dirty limit, differs from the London penetration depth target.(ii) A previous TEM and tunneling studyindicates
by a correction factor of the order of unity.This limit is that the intergranular phases are insulating; thus no proximity
appropriate for our films, for which we estimate a mean freeffects are expected. The third picture remains plausible: as
path~1 nm and a coherence length-3-5 nm>’As a  suggested earliér,**'~**both quantum and thermal phase
good approximation, the above correction factor is temperaﬂuctuations can be relevant in granular superconductors with
ture independent in the limited temperature range of oughort coherence lengthlike our NbN films.
measurements. Therefore the temperature dependence of theTo Verify the validity of the above picture in our case, we
variationsS\ (T) is not affected by dirty limit effects. consider an array of superconducting grains with intergranu-
In Figs. 2a) and 2b), we report the experimentah (T)  ar Josephson coupling enery and charging energy, as
curves obtained. Only the epitaxial and tHir00-textured  first proposed by Abele¥, where U is associated with the
films display the exponential behaviagix ~exp(—A/ksT), excess of Cooper pairsin each grainU andE; are related
characteristic of BCSs-wave superconductdis[see Fig. to the intergranular capacitaneand the critical curren,,
2(a)]. All of the three thick(111)-textured samples exhibit a respectively, according to the relations=2e%C and E,
linear behavior which cannot be approximated by any power=7|c/2e. Following previous work?**we assume the array
law [see Fig. B)]; the range of linearity is limited below to form a square lattice of constaatequal to the average
~2.7 K in the thinner film A1057 and extends up4o4 K  grain size. The resulting Hamiltonian is
in the thicker films A1060 and A1063. A BCSwave fit
perfectly accounts for the experimental data of the three
sa}mples of Fig. @&). HergA(O) is the o_nly free parameter of H= E E n-2+EJE [1-cog d,— 9], )
this fit, whereas the ratio 2(0)/kgT, is kept fixed at 4.6, 29" 3 J
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FIG. 2. (a) Temperature dependence of the magnetic penetration
depth\ measured in the films with conventional BGSvave be-
havior: A1013(solid circleg, A1043 (squares and A1044(open
circles. (b) The same as iffa) for films with gapless behavior:
A1057 (lozengeg A1060 (solid triangle$, and A1063(open tri-

FIG. 1. (@) Cross-sectional TEM image of tHd00) epitaxial ~ 2ndles. The BCS-like curve of sample A104gircles of (a) and
sample A1043. Note the monocrystalline structure evidenced by thEe corresponding BCS-wave fit (solid line) are also shown for
contrast produced by the diagoraflQ) planes. The notation “R”  Comparison.
indicates the (1Q2) orientation of the sapphire substrate). The

same as in@) for the thick (111)-textured A1060 sample. Note the ,In the CIaSSica! regime, the ﬂUCtuati(_)n strength is.deter'
granular structure made of columnar grains. mined by the ratioE;/kgT., where T, is the mean-field

critical temperature. Using the above estimate, we fid

whered; is the phase of the order parameter initttegrain ~ >kgT, in our granular films. Thus, according to previous
andn,=—2id/ 99, is its conjugate operator. studies’®?>we expect small fluctuations which do not inhibit

Equation(1) describes both quantum and classical phaséong-range phase order at any temperature. Indeed, we do not
fluctuations. Two arguments suggest a classical descriptioobserve any appreciable decreasd ofnduced by granular-
of our results in the rang&€=1.5 K of our experiment(i) ity [T is even slightly larger in thé111)-textured filmg.
According to theoretical studigé® supported by numerical These fluctuationsoexistwith the usual quasiparticle exci-
calculations®® quantum fluctuations lead to a reduction of tations predicted for BCS-wave superconductors. Both ex-
the renormalized superfluid density, implying a progressivecitations lead to a progressive increasenoés temperature
decrease od\/JdT asT—0 K. This effect is not observed in increases. In the Gaussian approximation, valid at low tem-
the curves of Fig. @) which remain linear above 1.5 Kii) peraturesT<E,;/kg and in the absence of dissipation, only
In our (111)-textured films, we estimatd <E;, which cor-  long-wavelength longitudinal fluctuations of arbitrarily small
responds to a purely classical regiffé:?® Indeed, typical energy are create@oldstone modeésThis produces a linear
figures are a=~20 nm, A(0)=300 nm, and |, increasedS\ ~ T (Refs. 9—1] experimentally observed in Fig.
~0.5—-1 MA/cn?, thickness and relative dielectric constant 2(b). On the other hand, the creation of quasiparticles re-
of the intergranular regions, respectivetys2 nm ande, quires a finite thermal energy A, which leads to the expo-
=2. Thus, we obtairkE ;=~50-100 meV andJ=<10 ueV. nential dependence of Fig(a.

104507-3



G. LAMURA et al. PHYSICAL REVIEW B 65 104507

We now analyze in quantitative form the experimentalible but does not dominate yet above 1.5 K, since a BCS fit
curves of Fig. 2b) within the framework of the above pic- is still satisfactory.
ture. Using Table |, we estimate first the fluctuation contri- In conclusion, we have reported for the first time experi-
bution and then the temperature at which the quasiparticlé'ental evidence of gapless state in a conventional BCS
contribution becomes significant. Following previous S‘wave superconductor NbN. Evidence is found in granular
calculationsy*® in the Gaussian regime, our lattice model films exhibiting a clear linear dependence)oin the range

with U=0 leads to 1.5—-4 K. Epitaxial or less granular films exhibit the conven-
tional dependence afwave superconductors and no trace of
N ek 1 a gapless state is found. A simple model of granularity-
T Tj_a' (2 induced thermal phase fluctuations of the order parameter
C

(Goldstone modegjuantitatively accounts for the above lin-

wherel .~j.a\ at 0 K and we neglect the weak temperatureear dependence. No signature of quantgm f!uctuations is ob-
dependence of this product at low temperature. In Table | wS€Ved above 1.5 K, as expected, taking into account the
report the values of\/dT estimated using Eq2) and com- relatively Igrge grains of our ﬂlm;.

pare them with the experimental values. Taking into account O_“T e\_ndence o_f granularlty-ln_duced gaplesg supercon-
the uncertainty in the estimate af we notice a good agree- dUCt'V_'ty in NbN raises the question whether this phenom-
ment. Interestingly, the trend ¢f in the (111)-textured films enon 1s observz_ible in other granular §upgrconductors. In_ cu-
follows the trend ofd\/dT, as predicted by Eq(2): the prates, which display gaplgss properties in agreement with a
thicker the film, the smallej, and the larger the slope d-Wave'symmetry model, it ShOUIq be mvestl'gated 'f”“?se
INIAT. In the films of Fig. 2a), exhibiting a BCSs-wave properties could be—at least partially—explained by intrin-
behavior,j. is larger. Thus, the fluctuation effect vanishes >'¢ granular properties associated with chemical or electronic
and only the quasipatrticle effect is observed. To estimate th@homogenaﬂes in the coherence length scal@ nm. In
temperature at which the two effects become comparable, Ny case, our results suggest that the only reliable methods
separately evaluate their contributiond®d/dT using Table | or testing nons symmetries are those based on phase-
and the BCS fit of Fig. @). We find that the linear increase sensitive measurements.

of A produced by thermal phase fluctuations is expected to

dominate affT=4 K. This is in agreement with the point of We acknowledge A. Andreone, A. Barone, B. K.
departure from linearity in samples A1060 and A1063. AsChakraverty, and G. Deutscher for stimulating discussions
discussed before, in sample A1057 a gapless behavior is vignd A. Dubon for assistance in the TEM work.
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