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Properties of YNi,B,C superconducting thin films
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High-quality, c-axis-oriented thin films of the intermetallic superconductor YNIC were obtainedn situ
by magnetron sputtering on MgO and other substrates held at dbe800 °C. The best films showed a
maximum ofT,=15.1 K withAT.~0.1 K. We report on structural and electrical film characterization includ-
ing dc resistivity measurements up to 450 K as well as critical-field and critical-current measurements. Scan-
ning tunnel microscope tunneling measurements were also performed, giving further evidence of the overall
BCS nature of these compound$0163-18207)07325-9

. INTRODUCTION showed the superconducting Y4Bi,C phase with no detect-
able impurity phase.
Intermetallic compounds of the clas€R-Ni,B,C The substrates were placed “on axis” at 9 cm from the

(R=rare earth (Refs. 1 and 2 have recently attracted the target surface and could be heated up to about 1000 °C by
attention of researchers due to their intriguing superconductmeans of a molybdenum heater. Mg(@00 oriented, as
ing and magnetic properties. They present an anisotropic layvell as sapphire (AlO;), and LaAlQ; substrates were used
ered structure, as highs oxide superconductors, and a in this study. The base system pressBrejust before sput-
strong  interplay  between  superconductivity — andtering was in the low 10° Pa range. The film thickness was
magnetisnt:* Though many papers appeared in the literaturenonitored during growth by a quartz oscillator. The final
concerning the properties of these compounds in polycrystafhickness was set close to 500 nm for all depositions.
line bulk or single-crystal form, only very few papers ap- A key role in obtaining high-quality films was played by
peared on thin-film preparation and properfis. the substrate temperatuiig (measured by a thermocouple
In the present paper we present a wide characterization gfued at the surface of a side substates well as by the Ar
in situ grown films of the superconducting compound Partial pressureP,., which had to be sufficiently high to
YNi,B,C. Measurement of dc transport properties, critical@void resputtering effects. Though superconducting films
fields and currents as well as scanning tunnel microscop@ere obtained on all substrates, high-quality filfs=15
(STM) tunneling were performed. Most of the reported mea-K, resistivity ratio [RRR= p(300 K)/po]=5) were repro-

surements derive significant advantage from the highly texducibly obtained only on MgO substrates. _
tured, thin-film form of the samples. The optimized process parameters are reported in Table .

As reported in Fig. 1, the x-ray-2¢ diffraction pattern
for the optimized films revealed the predominant presence of
Il EILM PREPARATION AND STRUCTURAL (00n) YNI,B,C reflections. This indicates a strong preferen-
CHARACTERIZATION tial orientation along the axis. The rocking curve around
the (004 reflection gave a full width at half maximum
YNi,B,C films were prepared by a planar magnetron(FWHM)=1.2°. From the (00) reflections, we can estimate
sputtering technique as described in Ref. 6. €c=1.063 nm, and from the weall 12 reflection, we get
A 2-in-diam, 6-mm-thick YN}B,C target was prepared =0.353 nm, both close to the bulk values.
by arc melting stoichiometric amounts of raw materials on a In Fig. 1 we also see some,®; peaks, tentatively attrib-
water-cooled cylindrical copper niche under a dry argon at-
mosphere. Four melting passes ensured good homogeneity, TABLE I. Main parameters for YNB,C films grown with dc
the overall weight loss being less than 0.5%. Following melt-nagnetron sputtering technique.and | are the voltage and the
ing, the target was gently machined to produce a reasonabﬂ)SCharge current of the sputtering process respectively.
flat, crack-free disk. Rate
Electron microscopy inspection revealed the absence o
significant unalloyed g?lemegti% leve). X-ray photoemis- 'g"‘ (P Pa(Pd T (C) V(V) 1 (A)  (nmi§
sion spectroscopyXPS) analyses confirmed the target sto- 10-5 3 ~800 400 0.8 0.8
ichiometric composition and x-ray-diffractiofXRD) data
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FIG. 1. X-ray9-2¢ diffraction pattern for a YNiB,C film on a
MgO substrate.
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FIG. 3. (a) Resistivity vs temperature for one of the best
YNi,B,C films, grown on a MgO substrate, up Te=450 K (open
circles, together with the fitting curvésolid line) which givesn

uted to partial oxidation of the sample surface, as well as.5 3 —330+20 K, p’=0.17+0.01; (b) resistivity vs tempera-

other minor impurity phases.
In Fig. 2 scanning electron microscof$EM) pictures of

ture for a lower-quality YNjB,C film, grown on a LaAlQ sub-
strate, up toT=450 K (open triangleks together with the fitting

the samples surface are reported on different scales. Th&irve (solid line) which gives n=2, 94=330+20 K, p’'=0.50
films appear to be granular with typical grain sizes between:0.01, andp=460+30 Q) cm.

MAG= X 10.0 K PHOTO= ¢
ECH.

FIG. 2. SEM pictures of a YNB,C film deposited on a MgO
substratda) The scan area is 1.16m X 0.78 um; (b) the scan area
is 11.5um X 7.8 um.

50 and 200 nm. The large bright aggregates that can be iden-
tified in Fig. 2a) correspond to the presence of insulating
Y,05, confirming the X-ray-diffraction indications.

From XPS measurements it can be seen th#d;Yoxide
is only present in the first 20—30 nm from the surface and
that the correct 1:2:2:1 composition is recovered in the bulk
of the sample.

Ill. dc RESISTIVITY MEASUREMENTS

In Fig. 3 the film dc resistivity as a function of the tem-
perature up toT =450 K is reported for high-quality and
lower-quality films, respectively. The absolute value of the
resistivity was determined using a commercial linear four-
probe head(tip spacing=0.65 mn). The absolute error,
mainly associated with the thickness measurement, per-
formed by a standard profilometer, is estimated to be of the
order of 5%. The critical temperature defined by the 10%-—
90% criterion isT.=15.1 K, close to the bulk valuk?

As in most transition metals and alloys, the temperature
dependence of the normal-state resistivity of our XByC
films is well described by the expression

p(M={lpo+ pp ] *+ps 1} (13
wherepg is related to impurities or defects,

, T\" (/T x"dx
ppr(T)=(n=1)p 0D(0_D) fo CEEr)
(1b)

represents a generalized Block-Geisen expression for the
electron-phonon contribution, angl represents a ‘“satura-
tion value” related to the existence of a minimum value for
the mean free pathSince po<ps, p(0 K)=~p, so thatp,
can be identified with the residual resistivity.

The resistivity vs temperature of the best films upTto
=450 K can be well fitted by Eqg1) assumingn=2, 94
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=330+20K, p'=(0.17£0.01) xQ cm/K and 10 uf) cm 20 . T — . . T
<pr=30 w2 cm depending on the film quality. The mea-
suredp, values compare well with single-crystal dagnd
are much lower than what is reported fex situfilms® or 151 =
polycrystalline samples. These films do not show any satu- (K) y o o
ration up to 450 K. ‘ i}?

These data require a detailed comment. First of all, it 1w
appears that the normal-state resistivity is clearly determined
by electron-phonon scattering. TAé dependence of the re-
sistivity is consistent with data on YNB,C single crystal§. T o o] ]
This behavior has been attributed to electron-electron corre- A A.zoj‘
lation effects® but in our opinion is more likely to be attrib-
uted to the fairly strong electron-phonon interaction, which, T, 3 T 5 s
together with the presence of some structural disorder, has RRR
been proved to determine am=2 exponent in the low-
temperature dependence of re§|st|V|ty N many type-ll - FiG. 4. critical temperatur@ . as a function of the residual
superconductors However, according to Ref. 9, given our resistivity ratio RRR for YNjB,C films grown on different sub-
po values, this would imply a rather high value of the girates.

electron-phonon interaction constarih=1.1).
The value obtained for the Debye temperature is lower |v. CRITICAL-CURRENT AND CRITICAL-FIELD
than some estimations from specific heat d&tayt is not far MEASUREMENTS

from other determinatioft: Inserting ourdy andT,, values in N N o
the McMillan formuld® and assuming as usual For the critical-current and critical-magnetic-field mea-

w*=0.10-0.15, we yield for the electron-phonon interactionSurements, the films were mounted on a copper block and
parameter the valug=1.0+0.1. kept in close thermal contact with a thermometer suitable for
This value, together with the measurpt can give an high-magnetic-field measurements. The critical-current val-

estimation of the plasma frequentl, through the relatich ~ ues were obtained using a dc four-probe method with a volt-
age criterion of 5uV. A superconducting solenoid with a

Atr=0.24QﬁQp)2p’, ) high-field uniformity was used for the measurements per-
formed in both the parallel and perpendicular directions with
wherep is expressed i) cm and% ), in eV. Assuming  respect to the plane of the films. The experimental setup
A=Ay, 2 this leads a5 Q,~4.9 eV which is very close to allowed measurements in the temperature range 4.2-300 K
other estimation&>** with an externally applied magnetic field up to 5 T.

The resistivity vs temperature curves for lower quality In Fig. 5 are shown the temperature behaviors of the par-
films can be still fitted by Eqs(1). In this case, due to the allel Hyy and the perpendiculdd;,, magnetic fields for a
high value of the resistivity, saturation effects are observedsample withT,=15.1 K in zero field. In the investigated
A typical resistivity vs temperature curve is reported in Fig.temperature range, both curves show a slight upward curva-
3 [curve (b)] together with the fitting curve. From the ob- ture already seen in previous repditdn the inset the tran-
tained valuep,=460+ 30 u() cm we can evaluate the mini-

mum mean free path,,, through the relatioh 25 —
[ 0.04 -
47mv ) 003 ef'{ f f“g{ g [
Psat:—zF- 3 20t o * e § § P i 1]
(ﬁﬂp) Imin [ o L) 00 :; g : E § l
0 SO B
By taking into account the Fermi velocity value{=2.12 = r o e j} ;ﬁ i diiil
X 10" cm/s) worked out from band structure calculatidhs, & To W N me e
we obtainl ,;;=0.3 nm, which compares well with typical E‘?» 10F . . ]
interatomic distances. A o
Finally it is very instructive to plot the measurdd val- 05F1 °  Heperpendicular R ]
ues for our YNjB,C films (including nonoptimized * Hoparalie “o e
sample$ as a function of RRR. This is reported in Fig. 4. 0.0k °* i
Though the statistics is limited, for all fims thE.-RRR Y Y TS o
relation seems to follow the same “universal” relation ob- T/T

served for Nb and\15 compound$® indicating that the high
T. in borocarbides is related to the presence of a peak at the g 5. critical magnetic field ., versus the reduced tempera-
Fermi energy in the density of states. This confirms the reyyrest="T/T, for the same sample in Fig. 1 in the case of parallel
sults of band structure calculatidfis’and experimental evi-  (circleg and perpendiculaisquaresexternal fields. In the inset the
dence based on the results of substitutions on the Ni'%ite, transition curves for different values of the perpendicular external
and gives further evidence that electron correlation effectsmagnetic fields i =0.06, 0.28, 0.50, 0.72, 1, 1.3, 1.60, and 1.74 T
hypothesized from photoemission studig$] are not rel-  are shown. The critical temperature, in zero field, for this sample is
evant in these compounds. T.=15.1 K.
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FIG. 6. Normalized critical-current density curves in perpen-
dicular (squares and parallel(circles external fields. The critical-
current density value in zero field at 4.2 K i§,=9.5
X 10* Alen?. The inset shows the normalized pinning forces vs the
reduced fielch=H/H, in the parallel(circles and perpendicular FIG. 7. Topographic image of YMB,C thin film at 4.2 K ob-
(squaresfield directions. tained in the constant-current mode. The scan area is 50508
and the imaging parameters dre 70 pA andV=30 mV.

sition curves at different perpendicular magnetic fields are&'

shown. Even at high magnetic fields, we did not observe thg . S
presence of a tail in the low-temperature part of these curve STM) has been used to_charact_erlze the 2B4C thin films
on a smaller scale. This technique allows us not only to

Su%?_g;“r:EeStéﬂggaﬁ)'gz:ggsllg tgei:/eefllcrgrs] Z\g%g’ffg '1 obtain topographic information, but also provides a powerful
. - " P, : € ; spectroscopic tool, giving a direct local probe of the quasi-
+0.5) nm, §,=(8.0£0.5) nm, and an anisotropy ratip particle density of state@0S).

= = 12, ; : : )
\;ogﬂé %e_té:nn#irﬁ Q'iz)nngt's(')l;rhﬁso?ﬁé??: fglr:g;egi;’]wtlg E:es_ Other tunneling measurements have already been per-
tals give y~1.2223 ' 9 P 9 YS* formed on polycrystalline YNB,C samples using STM

: : - Refs. 26 and 27and break junction& Point-contact spec-
In Fig. 6 is shown the magnetic-field dependence of th%(roscopy has be)en also useJd to infer the gap VAId& P
critical-current density with perpendicular and parallel exter- The measurements reported below were perforrﬁed at the
nal magnetic fields. In the inset the normalized pinnmgArgonne National Laboratory with a home-built, low-

forces for parallel and perpendicular applied magnetic ﬁeld?emperature STM operating in a helium exchange gas at 4.2

are shown. It is interesting to point out that in the low- K The STM is combined with RHK electronic software
r_nagnetic-fi(_ald region, thel _values in the _perpendicular (I'\;HK Technology-STM 10p Using a lock-in amplifier, the

f'elqs are higher than those in the parallel fields. At a mag'system allows measurements of conductance vs voltage
netic field of about 0.3 T, the two curves cross each other

Assuming the presence of columnar grains, the strongest ir@”dv vs V) characteristics at selected points simulta-
) g the p narg ’ gest p neously with the recording of the surface topography. No
ning centers in both the perpendicular and parallel direction

) Rurface treatment was applied to the samples prior to mount-
are related to nonsuperconducting zones. At low magnetic . .
. ) o . . Ihg on the STM. The tip was made of Pt-Ir wires sharpened
fields, the perpendicular pinning energies, proportional to the

thickness of the films, are higher than the parallel pinningmec.hanically with scissgrs. .
) . ’ L . Figure 7 shows a typical topographic image on a scale of
energies, proportional to the average grain dimen&lom

) . 500 A by 500 A acquired in the constant-current mode. Sev-
the plane of the films. When the average distance betwee al subsequent scans were performed over this area and

. - - . _ 1/2
\k;?ar'l[gx (Ialrnter?alr:‘)a poerfcgzigdl(;urﬁ:rgfe%n:o( (tﬁrfe/B)ra'nztargz tﬁ.n showed an absolute reproducibility of the topographic fea-
W  Vort P ' grains, resulingy res which is a signature of vacuum tunneling. The topog-

.?aphy is granular, analogous to that seen in SEM measure-

perpendicular fields. From the field value at the crossinq:urveS have been measured betwe@® and 20 mV all over
point, it is then possible 1o extrapl(/JZIate a typica_l ‘”%'“.e forthis area. Three different regions, denot#dB, andC in
D. In our case we _geID~(¢0/0.3T)_ =80 nm which is in Fig. 7, are observed. Each region exhibits a distinct spectro-
good agreement. W't.h values objcamed by SEM. . scopic behavior which changes abruptly when passing from
. T_he Je behay|or in parallel fields higher than 0.3 T is one region to another. Regioh has an insulating behavior
similar to what is observed for layered systems as NbN/AINcharacterized by the absence of tunneling current. Region
(Ref. 24, Mo/V, and Nb/Pd(Ref. 25 multilayers. B shows a metallic behavior with a flat or slightly parabolic
dI/dV vsV dependence typical fodIN junctions®! In what
follows we focus our study on regid@ where we reproduc-
Besides the aforementioned SEM and XPS measurably observe a well-defined peaked structure related to the
ments, a low-temperature scanning tunneling microscopsuperconducting energy gap.

V. STM TUNNELING MEASUREMENTS
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FIG. 8. Normalized conductance vs voltage spectra measured at Fig. 10. Normalized experimental conductarfcarve (a)] and
T=4.2 K for different values of the tunneling resistarRe=12.5  cgicylated conductance curves at 4.2 K using a smeared BCS DOS
MQ, 25 MQ, 50 M(, 0.1 ), 0.2 (), and 0.4 G). [curve (b)]. The fitting parameters arA=2.1 meV andl'=0.4

meV.

To ensure vacuum tunneling conditions, all the spectro-
scopic curves were recorded at a resistance equal to or highaveraging of 20 individuall/dV vs V characteristics re-
than that of the corresponding topographic image. They areorded at the same spot, after normalization by a slightly
spatially reproducible within the same superconducting reparabolic background. This normalization procedure was
gion and independent of the value of the tunneling resisadopted after verification that only this type of background
tance. Figure 8 represents a series of normaldBdV vs  remains when a magnetic field 6 T is applied in order to
V curves for tunneling resistances ranging from 100Ndb  suppress the superconductivity in the sample. At low tem-
0.4 ), showing the absolute reproducibility of the data. perature the tunneling conductance iNES junction can be
This constitutes a meaningful check of the junction quality.expressed by
In Fig. 9 we present the dependence of the tunnel cutrasat di(v) 5
a function of the tip-sample distande The exponential de- * 7 -
cay of the current is another strong indication for vacuum av wN(E)[ JeV f(E+eV)}dE_N(eV), @
tunneling, for which l«exp(—1.025/®d) is expected,
where® is the apparent work functioif.Using this expres-
sion for the current to fit our data, we obtain a valuedof
around 1 evﬁ'?tSUCh a high value df for this type of STM
measurement is explained by a clean tunnel junction with- .
out intermediate states in the barrier due to surface contamf©n of the BCS DOS,
nation, adsorbates, or oxide layers on the tip and/or sample _ s T2 A7V
surface N(E)=Re{|[E—iT|/[(E-iT)*~A%]*3},

The characteristic presented in Fig. 10 is the result of thavhich includes a broadening paramelet® yields curve(b)

in Fig. 10. The fit is adjusted for a best matching of the peaks

wheref(E)=1{expE&/ksT)+1} is the Fermi functionge the
elementary charge, and(E) the density of states of the
superconducting sample.

Fitting the data with this expression and a smeared ver-

50

40 R
L(pA)

30 5

exp.
fit

;10 L

FIG. 9. Variation of the tunneling curreht as a function of the

3
d(A)

in the experimental curve. The resulting fitting parameters
areA=2.1 meV andl'=0.4 meV. There is still a slight dis-
crepancy with respect to the zero-bias conductance value,
which seems to indicate that another mechanism besides the
finite lifetime of the quasiparticle might contribute to the
tunnel current. Combined with a value ®f=15.1 K, the
corresponding BCS ratio®2/kgT, is equal to 3.20.2.

These values are compatible with what has already been
observed in the literatur;?® which confirms the substantial
weak-coupling nature of YNB,C.

VI. CONCLUSIONS

In the present paper we have discussed the properties of
sputter-deposited, high-quality¢c-axis-oriented YNjB,C
films.

The resistivity measurements show that YBLC is a

tip-sample spacing. The squares represent the experimental datagood metalRRR higher than pwith normal-state transport

while the solid curve is the result of an exponential fit givibg 1

eV (see text

properties dominated bg-ph scattering. Th&2 dependence
observed at low temperature is likely to be associated with
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the highe-ph interaction constarfh~1) and disorder, more erately anisotropic metal, exhibiting-wave, BCS conven-
than to correlation effects. Moreover, the film resistivity tional superconductivity.

tends to saturate at high temperatures, when the mean free
path approaches interatomic distances.

Critical-field measurements showed that, despite the lay-
ered crystal structure, YPB,C is only moderately aniso- The authors wish to thank C. Ferdeghini and S. Siri for
tropic. The critical current in the film is limited by grain discussions and suggestions, P. Manini, and E. Cogliati for
boundary effects and related to the granular nature of outhe target preparation, G. Gemni&lFN Genova for XPS
samples, consistently to the SEM measurements. analysis, M. Valentino for XRD measurements, and V.

Tunneling measurements performed with a low-Metlushko for his contribution in the characterization of the
temperature STM show a BCS-like density of states withsamples. The technical support of A. Maggio, S. Marrazzo,
A=2.1 meV and a lifetime broadening parameiér0.4 and S. Avallone is also acknowledged. This work was sup-
meV (not necessarily intrinsjc This gives a value ported by the U.S. DOE Basic Energy Science-Material Sci-
2A/KgT.~3.2, which is consistent with the-ph constanh ~ ence Department under Contract No. W-31-109-ENG-38
estimated by the McMillarT, formula or by transport mea- (G.W.C., M.l) and the NSF Science and Technology Center
surementga~1). for Superconductivity under Contract No. DMR 91-2000

The overall emerging picture is that Y),C is a mod- (Y.D.W.).
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