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STM tunneling spectroscopic studies of YNgBa,_,Cu;0_ 5 thin films
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We performed tunneling spectroscopy on high quality superconducting®ad,Cu;O; _ 5 thin films using
a low-temperature scanning tunneling microscope. Superconducting regions show very well-defined gap struc-
tures. Disorder introduced by Nd substitution at the Ba site dramatically affects locally the quasiparticle density
of states. The measurements show that the impurities induce surface resonant states at energies very close to
the Fermi energy, typical of d-wave superconductor.
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Impurity states in superconductors provide a wealth ofperature of about 850°C and a total pressure of 1.6 Torr
information on the pairing symmetry and mechanismproduced the best films. The gas mixture was composed
through the local density of states and its spatial variationmainly of pure Q with a small percentage of Aabout 5%.
Special attention has been given to nonmagnetic impuritieAfter the deposition the oxygen pressure was increased to
that affect the local order parameter in conventional super400 Torr and the substrate temperature was gradually re-
conductors only weakly but are strong pair breakers for theluced to 500 °C over 30 min. Finally, the films were an-
higher  orbital ~momentum  states  of d-wave nealed at 500 °C in 400 Torr of partial oxygen pressure for 1
superconductors:® Scanning tunneling spectroscopy is an h. After the deposition the samples chosen for the STM mea-
ideal tool to examine the local density of state®OS) in surements were transferred at a pressure lower than
the superconducting state with high spatial and energy resd-0~’ Torr to a fast-entry introchamber where the samples
lution. Recently impurity scattering studies have been perwere hermetically sealed in a glass container filled with ul-
formed in Nb (Ref. 4 and BpSr,CaCyOg, s (BSCCO  trahigh purity Ar gas.

(Refs. 5—7 single crystals. For nonmagnetic impurities in  6-260 x-ray spectra showed that the films arexis ori-

Nb no effects on the LDOS was observed, whereas irented with a full width at half maximuntFWHM) of the
BSCCO single-crystals quasiparticle resonances at low enef@01) rocking curve less than 0.08%.These values were
gies were found at the impurity site, a clear evidence foroutinely obtained and reveal high structural quality of the
unconventional pairing mechanism. samples. The maximum superconducting critical temperature

Although systematic scanning tunneling studies have bee, achieved was about 86 K with a transition width lower
carried out on BSCCO single cryst3is® and some recent than 1 K. The amount of Nd excess, estimated by energy
measurements have also been reported for BSCCO thidispersive x-ray analysi€EDX) in combination with x-ray
films,** scanning tunneling microscog8TM) technique has simulations of the measured spectra, was about 3—4% in
proven more challenging for YB&Eu;O,_ 5 (YBCO) (Ref.  YNBCO optimized films. In particular the systematic
12) due to difficulties with surface preparation. Tunneling changes of the-axis peak intensity and position in th#e26
spectroscopy over a single oxygen vacancy in the Cu-G-ray spectra with Nd doping cannot be explained by pos-
chain of YBCO single crystals has been repottethd qua-  sible substitution of Nd at the Y site or by oxygen underdop-
siparticle scattering states have been recently reported fang. Indeed thec axis of each YNBCO sample is always
YBCO both in form of thin films and single cryst&i:*® shorter than the axis of optimally doped YBCO films, while

In this paper we present a report on scanning tunnelingpoth Nd substitution at the Y site and oxygen deficiency
spectroscopy studies of YNBa, ,Cu;0;_ 5 (YNBCO) thin  would increase the axis[the NdBaCu;0;_ s (NBCO) unit
films. This system is very similar to YBCO with exception cell is 11.75 A long. Also the relative change of the peak
that Nd substitution in Ba site introduces quasiparticle scatintensity ratiod (005)/1(007) andl (006)/1(007) is in quali-
tering centers. The observed scanning tunneling spectrosative agreement with a partial substitution of Nd at Ba sites.
copy (STS spectra far away from the impurity site are quite  The room-temperature resistivity of a typical YNBCO
similar to YBCO spectra reported earfi&t® whereas the film obtained by a four-point probe technique gives a value
spectra near impurities show a pronounced resonance at eof 80 n{) cm, which is comparable to that of a typical YBCO
ergy close to the Fermi level. This signature in the tunnelingilm. The nonzero value of the intercept resistancd ato0,
spectra has been predicted to be an evidence of unitary limihdicates the existence of a residual scattering rate due to
scattering ind-wave superconductors. impurities. The impurities could be related to the Nd substi-

YNBCO films have been deposited by high-pressure oxytution of Ba, since stoichiometric YBCO thin filnt& grown
gen dc sputtering’ The planar targets used for the deposi-in the same preparation system under identical growth con-
tion had composition YNd, ;Ba; Cus0O;. The films were ditions, show zero residual resistivity. Third-harmonic induc-
deposited on LaAlQor SrTiO; (100 substrates at high pres- tive measurements, show a critical current dendjtpf 3.5
sures ranging between 1.4 and 2.0 Torr. A deposition temx 10" A/lcm? at 4.2 K. Finally, Hall effect measurements at
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FIG. 2. Variation of the tunneling currehtas a function of the
i (b) tip-sample distancel. The circles represent the experimental data
while the solid curve is the result of an exponential fit gividg
=0.9 eV. In the inset are reported the conductance curve, normal-
ized atV=—100 mV, measured at 4.2 K for different values of the
tunneling resistance ranging between 1 and(3. G
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ral reproducibility of topographic imagesb) temporal re-
producibility of the spectrajc) reproducible spectra as a
function of the tunneling resistance. Another important check
of the junction quality is the exponential decay of the tun-

Profile (nm)
(=3

0 30 40 60 80 100 120 140 neling current as a function of the tip-sample distance. In
X (nm) Fig. 2 a typical tunneling current dependence as a function of
o o the electrode separation is reported. The exponential fit of the

FIG. 1. () To_pogrgphlc image of a YNBCO thin-film surface experimental curve:IOexp(—l.OZS\@d), whered is the

at T=4.2 K obtained in the constant current mode. The scan areﬁp-sample distance, gives an apparent work functibn

is 300, 200 nm and the imaging parameters krel00 pA and

=0.9 eV, which is a clear signature of a clean vacuum tun-
V=-1V; (b) Profile of the sectioB shown in Fig. 1a). 9

neling. All the measurements presented in this paper have
been observed in correspondence of an apparent work func-
100 K reveal that the samples are underdoped with numbeion higher than 0.9 eV. Our tunneling spectra are indepen-
of carriers about X 10% cm™ 3. dent on the tip-sample separation as demonstrated in the in-
We performed our experiment using a home made lowset of Fig. 2, where severalll/dV curves are shown,
temperature STM operating at 4.2 K in helium exchange gagecorded at junction resistances ranging between 1 and 3
We used electrochemically etched Pt-Ir tips. The measures().
ments were performed on as-grown thin films, which were Figure 3 shows the essential features of superconducting
kept in inert atmosphere before the experiment. LDOS at 4.2 K, in zero magnetic field, obtained at different
STM topographic images, as reported in Fig. 1, show surfocations on the film surface, far from Nd impurity sites.
faces characterized by terraces having step height equal to
either one or twac-axis lattice parameters. 25
The current-voltagel¢V) spectra were recorded at differ-
ent locations on the sample surface by sweeping the bias
voltage of the sample while the tip-sample distance was kept
constant in the open loop condition. The LDOS of the YN-
BCO thin-film surface was obtained by measuring the differ-
ential conductancel/dV vs V of the tunneling sample-tip
junction with a standard lock-in technique. Typical modula-
tion frequencies were-0.3—1 kHz and ac modulations am-
plitude ~0.4—1 mV. Assuming that the tip DOS is constant 0.5 -
close to the Fermi energy in first approximation the differen- s : s
tial conductance is proportional to the sample DOS smeared -100 -390 v rflV 30 100
by the thermal factor-kT. All the measurements were car- (mV)
ried out on the(001) surface of as-grown films. FIG. 3. Conductance spectra recorded at 4.2 K at various loca-
In order to achieve reproducible spectroscopy we requiregon on the surface of two YNBCO thin film having similar doping
the tunneling current to pass several tests. The only spectémd critical temperature 86 K. For all of them the tunneling resis-
that we will present show the following featurds) tempo-  tance is 1 ®.

2.0

G/G(-100 mV)
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These data are qualitatively similar to those obtained previ- L5 - - .
ously from STM measurementfsand from planar junctions i
by Valleset al® on YBCO single crystals. We observe two

gaplike features. The main one corresponds to a broad peak
at 20—30 meV. The second one appears at low energies in the
range of 5-10 meV. The sharpness of the second feature
varies depending on the location on the surface. When the
low-energy feature is pronounced it appears as a peak in the
spectrum while the high-energy feature appears broad. In
contrast, when the low-energy feature appears weaker it

G/G(100mV)

forms a shoulder in the larger gap structure. This subgap 0.5
structure is found consistently and is more pronounced and -100 -0 0 0 100
robust than in STM measurements reported on YBCO V(mV)

earlier’? Similar peaks at the above energies were also ob- J ded

served in planar junctions as well as in YBCO and Pr-dopeq F!G: 4. Two conductance curve recorded 4 nm apart on a

YBCO single Cl‘yS'[a|§9'20 It was hypothesized that the YNBCO thin-film surface: Both curves have been recorded at 4.2 K
’ . . and correspond to a tunneling resistance ofQ. G

double gap structure could arise from the anisotropy of the

in-plane and out-of-plane values of the superconducting ga

or from a proximity effect between the planes and theﬁ a spectrum recorded at one of these locations is reported

chain!® According to the anisotropy picture the structures attogether with one recorded 4 nm away. We_ mterpret these
nidgap states as due to Nd impurities. The impurity affects

5-10 meV and the 20—25 meV can be associated with er" ) .
ergy gaps along the axis and in thea-b plane, respectively. not only the subgap region of the DOS, but also the width of

This explanation can be ruled out for our spectra, because t})r/]eAsupecri(_:onciluitrl]ng g?p, Ias SEO\I’V” in Fig. 4. fic i it
tunneling along the axis the tunneling current probes only . ccording to theoretical models a nonmagnetic impurity
the a-b plane DOS, due to the two-dimensional character of ad wave superconductor wil give rise to a bound excita-
the Fermi surface in HTc materials. In the proximity—coupledtIon at e’_‘ergy‘_%ﬂo’ WhereAO is the energy gap away
picture the small gap arises from the Cu-O chains, which ar&©m the impurity site. The midgap state enefy is deter-

driven superconducting by proximity to the planes which argnined by the strength of the scattering potential, gividg

less than 1 nm away. Since we could not obtain atomic reso- EF 1N the unitary limit. If the impurity scattering is close

lution (which seems to be achievable only for cold cleaved€N0Ugh to the unitary limit, and for a gap functiondjb_y,
YBCO single crysta®?) we could not identify the top symmetry at the Fermi s_urf_ace, the stren_gth (_)f the scattering
layer from STM images. Therefore it remains unclear why in/€2ds to low-energy excitations at energies given by

some regions the low-energy feature is very well defifaed

in curve (a) in Fig. 3]. Our data are also consistent with a %_ 7C

chain gap driven by a charge-density wave scenario, as sug- Ao  2In(8mc)

gested by De Lozanrfé.

The zero-bias conductance in all our measurementwhereA, is the energy gap far away from the impurity site,
ranges between 50 and 70% of the conductance value at 1@G- cot(d,) and &, is the phase shift of the superconducting
meV. This relatively high value of zero-bias conductance ha®rder parameter due to the impurity scattering. Using an av-
been reported often in literatdfet®161920 gyggesting it erage gaphy=20-25 meV andlo=—1.7 meV, we obtain
could be an intrinsic property of the material. The back-a phase shiftd,=0.46m, which confirms that the scattering
ground of the spectra always increases when moving awaig very close to the unitary limitd,= 7/2). The resonance
from Eg, and it also varies from one location to another.peak is expected to persist upde-1 where it should appear
Background with bothV shape and asymmetri¢ shape very broad and it is expected to disappear for Born scattering
were observed. This asymmetry about the zero bias is a confje>1). According to this scenario the strength of the
mon feature of the tunneling spectra obtained on YBCO andimpurity-induced contribution is supposed to decay as
NBCO single crystalé® The conductance is stronger at nega-(&/r) 2 at large distances, whergis the superconducting
tive sample bias voltagegelectron tunneling from filled coherence length, and is expected to follow spatially, around
states of the sample to empty states in thg¢ dipsome loca- the impurity site, a fourfold symmetry of the DOS, aligned
tions, and weaker at other locations. This result is in contrasiith the d-wave gap nodes. It is worth to outline in this
to what has been reported for BSCCO single crystals whereontext that a smak-wave component would be invisible in
the asymmetry of the spectra is always the s&m@. an STM experiment. We did not observe the cross-shape pat-

At some locations the LDOS of the YNBCO surface is tern of the spatial distribution of the bound states, predicted
strongly modified and a peak occurs at enerdigsclose to  theoretically and observed experimentally in the case on Zn
but always belowEg, similar to the peak reported in impurity in BSCCO single crystafs.More detailed high-
BSCCO single crystals with Zn impuriti€On average, the resolution spatial measurements are needed to address this
spectra of the films studied hd¥,=—1.7+0.4 meV, with  issue.

FWHM of 4 meV. Spectra with these midgap states are clus- The scattering resonances are observed far from morpho-
tered within distances of about 2—4 nm of each other. In Figlogical features, such as steps and grain boundaries, there-
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fore, it is possible to exclude that structural disorder is re-while a free Nd ion has a finite magnetic moment. The ques-
sponsible for such behavior. The density of the observedion is then what is the magnetic state of Nd in the Ba site
scattering resonance sites is about4%—in reasonable and how the magnetic moment, if any, of the Nd substitute
agreement with the percentage of Nd excess in YNBCQuffects the impurity-induced quasiparticle states.
films, estimated by EDX analysis in combination with x-ray ~ From the theoretical standpoint recent calculations for
simulations of the measured spectra. Oxygen disorder is N@§olated magnetic impuriti€s find that the resonance peak
unlikely since Nd excess at Ba site can indeed destroy thgpiits into two due to the effective magnetic field. The ques-
CuO chains. HOWeVer, |t-|S |mp0rtant to stress that resonan%n arises if this Sp“tt'ng is Strong enough to be observable
peaks close to the Fermi energy have never been observedif STS experiments. In general, it is difficult to estimate the
high quality YBCO films and crystals, and even in oxygeneffective magnetic field. Moreover the situation is very dif-
underdoped YBCO samplé8.Finally, we would like to  ferent from the case of Zn impurity in BSCCO because in the
mention that the role of unitary scattering center of Nd ionSatter case zn is found to preferentially substitute for the Cu
at Ba site is perfectly in agreement with the low-temperatureytoms, therefore, it provides a well controlled way of disturb-
penetration depth measurements performed on NBCO¥ilmsng the CuQ planes that are believed to be the key element
and recently on YNBCO film& On the contrary it is well jq g high-T, superconductors. In YNBCO, on the other
established that the role of oxygen deficiency is very differ-hang Nd mainly substitutes for Ba and, therefore, the scat-
ent, since systematic measurements of the pengtration dep(ghng center is outside the Cy@lanes. We cannot rule out
of YBCO oxygen underdoped samples suggest, if any, only g5t Nd substitution at the Ba site may induce a free spin in
very weak scattering from oxygen vacancie®reliminary e cuo plane by disordering the chains. Neverthelss
STM measurements, performed on NgB& ,ClsO;_5  plane penetration depth measurements reported recently for
(NBCO off) thin films, characterized by a larger percentagegpitaxial NBCO off thin films! seem to quantitatively ex-
of Nd excess X=0.15), show that the density of the reso- ¢|yde this possibility showing a behavior that is very similar
nance sites is correspondingly much higher. These results agg the penetration depth measurements in YBCO single crys-
in agreement with our interpretation of the excess Nd ions ag)s in which Zn impurities are added to introduce disottler
quasiparticle scattering centers responsible for the observeghq therefore, suggesting that Nd at the Ba site, at low im-
resonances. _ o o purity concentration, acts as a strongnmagnetiampurity

~ We also observe impurity-induced excitation near otheiscattering center for the carriers in the Guflanes. One
kinds of pointlike defects on epitaxial film surfaces thatpossible explanation is that the Nd free spin modifies consid-
could host midgap statésor example, some of the spectra graply the antiferromagnetic exchange interaction between
recorded on the terrace steps show a zero bias conductangg cy ions in the Cu©plane, and this may destroy locally
peak. In this case as already reported in the literature fofhe syperconductivity. A similar mechanisms has been pro-
STM/STS and other tunneling experiment the predommanbosed to justify the effect of Zn at Cu sites.
a-b contribution to the tunneling current could be the origin® |, summary, we performed scanning tunneling spectros-
of an Andregv bpund state when th_e incident and the r€copy on high-quality YNBCO thin films and studied the ef-
flected quasiparticle experiences a sign change of the ordesqt of Nd/Ba disorder. The measurements reveayave
parametef! _ spectral structures that show spatial variations. At some lo-

Resonance peaks close to the Fermi energy have not beghijons on the sample surface a peak close to the Fermi en-

observed in tunneling experiments us;ggspla_nar junctions 0Rqy js observed, resembling the spectra reported for BSCCO
Pr-doped YBCO epitaxial thin film:*#® This tunneling  gingle crystals near an atomic scale impurity. The observa-
geometry measures an average spectrum where the impurifiyn of such feature for the YBCO compound could be attrib-
contribution is weighted by its concentration. Recent theoretyieq to the quasiparticle resonant states at Nd substitution at
ical calculation for a simple random distribution of unitary {he Ba site. Moreover even though all the measurements
impurities’® show that at low impurity concentration the im- were performed tunneling along teeaxis, the presence of a
purity spectral weight will be too small to be experimentally gingle unit-cell step is sufficient to induce a zero-bias con-

observed, while at high concentrations the impurity interacctance peak due to surface Andreev bound states.
tions increase the conductance value at zero-®i@») with-

out giving rise to a peak. We would like to thank M. Putti from the University of

Our experiment raises interesting questions about the corsenova, Italy for Hall effect measurements and J. Zasadzin-
trast between impurity-induced scattering in the YBCO andski for useful discussions. This work was supported by US
BSCCO system. The difference between our experiment anDOE Basic Energy Sciences—Materials Sciences under Con-
the BSCCO results reported earlier is that Zn is nonmagnetitract No. W-31-109-ENG-38.
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