PHYSICAL REVIEW B VOLUME 54, NUMBER 18 1 NOVEMBER 1996-II

Vacuum tunneling spectroscopy of high-temperature superconductors: A critical study
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Using scanning tunneling spectroscof§TS the local density of stated DOS) of Bi,Sr,CaCw,0g, s
[Bi(2212] and Y;Ba,Cuz0,_ s (YBaCuO monocrystals were studied at low temperatigewn to 4.2 K. Due
to the high quality of the vacuum tunneling junctions the pair-breaking effects are consequently reduced, and
rather fine features of the superconducting LDOS could be analyzed. @#1Ri it is shown that, in order to
fit properly the experimental date,2_,2 pairing (or a very anisotropis pairing as well as a strong in-plane
anisotropy of the Fermi surface are required. Although YBaCuO STS spectra look mdite;” no precise
analysis was possible because of the high natural surface contamination of the samples. Both the fundamental
problem of pairing symmetry and the influence of experimental conditions on vacuum STS measurements are
discussed[S0163-182806)08442-1

[. INTRODUCTION promising quantum interferometry experiménits have
found some strong evidence fordapairing in HTSC'’s but,
Currently, the symmetry of the order parameter in high-once more, there is a number of technical and experimental
temperature superconduct¢kTSC'’s) is the subject of great aspects which may influence the data.
interest. A considerable quantity of theoretical and experi- In some papef$**the quality of the tunneling junctions
mental work is devoted to study the degree of anisotropy, by analyzed using the criterion of whether or not the STS
probing either the value or the phase of the energy(gep ~ Measurement may be successfully combined with the atomic
Ref. 1) The number of review papers is growfﬁa but, up resolution Scanning tunneling micrOSCOpsTM) images.
to now, there is no consensus on the matter. Although &thers suggest howevétthat the atomic resolution is nei-
complex nonconventional character of the order parameter i§1€r necessary nor sufficient to obtain the “nonperturbed”
quite established now, mechanisms responsible for HTSC'’sDOS spectra. In order to understand the variety of already
are still under discussion. In their pioneer wdrkScalapino ~ Published experimental results, we performed a systematic
and co-workers suggested the dominant role of spin fluctua@nalysis of the parameters determining the junction quality,
tions in d pairing. The detailed calculations of Monthoux as well as the parasitic effects distorting the STS results.
et al® clearly showed the possibility fai-pairing symmetry
in the presence of spin-fluctuation-induced interaction due to
the strong antiferromagnetic correlations in copper oxides. In
the recent paper of Combescot and Leyrdne d term Our variable temperature STM consists of two coaxial
occurs as the result of coupling between the Cu-O planes amulezoelectric tubegthe tip translator and the sample one
the Cu-O chains. As a consequence, chgpairing should glued to a Ti support. The choice of materials used is impor-
exist in materials where there are no chdias Bi(2212, for  tant to avoid thermal drift while cooling. The STM head is
exampld. Taking into consideration just the electron-phononput in a vacuum can immersed into a standard étgostat.
interaction in the presence of anisotropic in-plane Fermi surThe temperature range of the STM in continuous operation is
face originating from the Cu-O plane, also results in an an2.5-100 K. However it is possible to operate our STM at any
isotropic order parameter, without, however, phase reversdixed temperature chosen between 100 and 350 K as well.
(anisotropics pairing).* The details of the antivibration system as well as a spe-
Tunneling spectroscopfTS) was a key technique in the cially developed tip approach, which are very important for
experimental proof of the BCS mechanism of conventionalSTS measurements, are described elsewhelre.the STS
superconductivity. However, the TS results observed irmodel(Xy,Yq,Vt) characteristics as well as ac lock-in as-
HTSC'’s disagree significantR/The origin of that is an ex- sisted dl{(V;)/dV; curves may be obtained. Since the
tremely short coherence length and a high surface reactivitiock-in technique requires a modulation signal of 1-2 mV in
of HTSC’s. Recently, some high-vacuum scanning tunnelingamplitude which may filter slightly thell/dV curves, all
spectroscopy (STS experiments performed onn situ  data presented in this paper were taken directly in the form
cleaved monocrystals have revealed more reproducible feaf I+(Xq,Y,Vt) scans and then differentiated numerically.
tures of the local density of stat@sDOS). Unfortunately, it The measurements were performed on2Bl2 and
was not sufficient to conclude definitively on the degree ofYBaCuO monocrystals using both Pt/Ir and Au tips. The
pairing symmetry, since the theoretical curves for the DOBIi(2212 crystals were prepared using the self-flux method
differ in finer details. The phase of the order parameter isn an alumina crucible and then characterizZ&dThe
much more sensitive to the pairing symmetry, but it cannotyBaCuO samples are fully oxygenated twinned single crys-
be studied within the STS technique alone. Recent, veryals. For the tip preparation both electrochemical and me-
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= 0.5} | g1 — series of “nonperturbed” STS spectra, taken at different lateral
° N N positions: two maxima on the both sides of the gap are seen. The
0 ‘o’ - 5 00 zero-bias DOS is very important as compared t2Bi2 (Fig.
-100 "50 5 1). (b) Coulomb staircase oscillations superpose the gap struc-
Sample Voltage (mV) ture. (c) The spectrum is completely distorted by the Coulomb
blockade.

FIG. 1. Vacuum tunneling STS spectrum of(B12 sample
(T=4.2 K): (a) spectra show almost no zero-bias states, two well

pronounced maxima and weak/dV slope originating from the tance. However, a slight rise of the conductivity out of the

surface contamination.(b) corrected LDOS spectrurtthick solid gap for both _occup|_ed states and empty states was qften
line). Dashed line: the fit by the isotropic BCS cure=28 meV found. We believe this feature to come from the contribution
T—42 K T=11 .me\))' dotted line: the fit by ad-wave model  ©f the surface conductivity and to be different from the bulk
(Aoz'o mevV Al':28 meV T=42 K ['=0 meV): thin solid line:d ~ ©ON€- It seems that this channel of current leakage does not
pairing in the presence of anisotropic in-plane Fermi surfagce refle_ct intrinsic propertles _Of th(? material. Thus, some cor-
=0.5+0.1, Ag=0 meV, A, =28 meV,T=4.2 K, [=0 me\). rection procedure is required in order to extract the real
LDOS of the sample. The corrected spectrum is presented in
chanical etchings were used. The samples were cleaved in &it9- 1(b) (the details of data reduction are treated in the Sec.
or in a pure H& gas flow immediately before installing them 1V). The spectra are reproducible laterally over a typical area
into the can. The can was pumped and then filled at roonf 200~500 A in radius. We suppose this value to be char-
temperature with pure Hexchange gas at 200 mbars. Then,acteristic for the size of superconducting zones on the sample
during the can cooling, the samples were continuouslygurface. o _
heated(up to 80 °C at the beginningn order to favor the Characteristic YBaCuQ@Ill/dV spectra taken at different

surface desorption. points of the sample surface are presented in H@. 2Vith
respect to the BR212 spectrum, the curves show a large
Il RESULTS AND EXPERIMENTAL CONDITIONS offset. The U-shaped wings are more important, the maxima

at = A are strongly damped, and the total number of states is

A series of 16 consecutive STS curves obtained on th@ot conserved. The general shape of the spectrum is similar
Bi(2212 sample with Pt/Ir tip aff=4.2 K is shown in Fig. to that observed in planar junction experimettas well as
1(a). The valuesV;<0 corresponds to the occupied states,in recent vacuum STS measuremefitsiowever, the fine
andV;>0, to the empty states of the sample. One sees theero-bias structure reported in these papers was not repro-
two peaks on both sides of the gap at the Fermi level to beucibly seen.
well pronounced, the LDOS at the Fermi energy Before attributing fine characteristics of the spectra to a
dI/dV(V;=0) is as low as 5—-10 % of the LDOS out of the particular pairing symmetry, it is necessary to detail some
gap. By comparison of corresponding areas in tH&dV  aspects which may influence the experimental data.
curve the total number of states in the peaks of the LDOS is Surface contaminatiorSurface reactivity plays an impor-
found to be almost equal to that of “gapped” states. Thetant role in both compounds: once cleaved in air the surface
form of the spectra does not depend on the tip-surface digs almost instantaneously contaminated by adsorbates. The
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FIG. 3. (@—(c) 1 umX1 um and(d) 2 umX2 um consecutive STM images of the same surface ¢28Bi2 (T=300 K, Pt/Ir tip,
Vsampie= —100 mV,1=0.5 nA): (a) first scan image(b) third scan imagefc) fifth scan image(d) surface is “cleaned”: no more clusters
left in the scanned area.

surface electronic states are modified, and the upper layeent. If the number of surface states with respect to the bulk
may have a very different DOS from that in the bulk materialones is reduce¢semiconducting or insulating surface states
(we find either semimetallic, semiconducting or even insulatthe surface plays a role of an additional, bias-dependent po-
ing zone$. This naturally contaminated layer strongly modi- tential barrierin serieswith the vacuum one. If the surface
fies the STS data, since the STM probes electronic states abntamination leads to a rise in the number of the surface
the immediate surface layer. states, the surface leakage current will result ipaaallel
Oxygen conteniThe Cu-O plane is believed to be respon- current channel.
sible for the conductivity in the HTSC's. The superconduct- These features are clearly seen on mdhdV STS re-
ing properties are known to be very sensitive to the oxygersults. In the first case, the intrinsic DOS curve is distorted by
content in these layers. For the optimum structud®e a V-shaped form coming from the bias-induced barrier
higher T, valueg the oxygen density is out of stoechiometry damping. In the second one, a parallel conductiityually
equilibrium. The interaction between mobile oxygen atomsa non-Ohmic, hoppinglike oneresults in an offset in the
from the Cu-O layers just underlying topmost Bi-O layer, density of states in addition to the superconducting DOS.
and the multiple surface imperfectioffmint defects, atomic One may see a complex combination of both effects on many
steps, dislocations, and interfaces between twiesult in  STS results on HTSC's published before 1988e Ref. 5 for
the oxygen content modification near the sample surfacea review.
This is an important argument to be considered in STS data Semi-insulating cluster&Vhen STM topographic experi-
analysis: to avoid a modification in oxygen content in thements are performed on ttad surface of B{2212 at room
junction region, an atomically perfect surface should be obtemperature, in an atmosphere of “Hgas, some clusters
tained on the area of the order of the in-plane oxygen diffu100—300 A in size are sedfig. 3a)]. The high-resolution
sion length squarefi.e., about(0.1-1.0um)? for a sample  STM shows that the cluster’s atomic structure is quite similar
cleaved in air, which is rather difficult to achigve to the one expected for theh plane of B{2212. The size
Surface conductivityThe surface states result in a numberand position of the clusters change progressively due to the
of features perturbing the intrinsic STS curves. One can distip-sample interaction as consecutive scans are performed
tinguish two different mechanisms: surface conductivity ver{Figs. 3b) and 3c)]. The result of this surface “cleaning”
sus bulk conductivity and charging/recharging effects. after six scans is shown in Fig(&: the scanned surfade
The surface DOS madifications due to the variation of thethe center of the images much more regular; atomic reso-
O content and(or) adsorbate-induced DOS modifications lution images on the cleaned area may be also reached. How-
lead to an additional series-to-parallel channel of tunnel curever, the STS measurements performed on the clusters show
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a non-Ohmic U-like LDOS. The DOS at the Fermi energythe tip presses onto the surface, and the resulting current
d1/dV(0) is rather low and seems to be thermally activated reflects more the point contact regime, with its characteristic
We stress that, in this experiment, the tunnel resistance wawnlinear conductivitfknown & a V shape ird1(V)/dV]
R;=200 MQ. As we show later, even at this rather high rather than the vacuum tunneling process. The tip also ap-
value ofRy, the tip-surface distance is too small to probe theplies a high local pressure perturbing the LDOS of the
intrinsic superconductor LDOS of the sample. Probably, thesample in the contact area. The gap value measured in this
high surface reactivity of HTSC's leads to the formation of kind of experiments, as well as the general forn @&f) and
these small clusters of different oxygen contenith respect ~ d!(V)/dV curves, depend on tr value, which should not

to the bulk material As a consequence, a different and gen-P€ the case for real vacuum tunneling. That is why we sug-
erally more “insulating” LDOS is observed. gestthe uniformity of the spectrum shape on the tip-sample

These clusters seem to be the culprit for charging effectgjIStanCetO be_ an |mportant_ condition fqr co_rrect STS mea-
which are well-known in tunneling spectroscopy. The tunnelsurements. Since this requires rather high tip-surface separa-

current is strongly influenced by the capacitive part of thet'on’ no atomic resolution could be achieved in such a case.

. r instance, in our experiments this condition was acquired
t_unnel impedance and hence the STS data are perturbed. TﬁthT>1 GO (typically Vs =250-800 mV,j1=50—200 pA.
first effect, the Coulomb blockade, comes from the fact thaﬁI ; A ded th binati f th
the cluster, weakly coupled to underlying metallic layers a: S‘?I:/Tovedr'tw rgoTSS cases we avo; e the combination o f N
well as to the tip, form a capacitor of small capacita@cen vi and the measurements in the same series ot ex-
periments in order to avoid tip contamination. In all stages of

a capacitor, a portion of energye?/2C should be attributed : , e
to transfer a carrier of charge from one electrode to an- our STS experiments, the tunnel resistance was maintained at
values higher than 1 G.

other. AtT=0 K and at low biases, the energy transmitted
from the battery to a carriereV; is not high enough with

respect toe?/2C, and tunneling is not possible. For biases IV. DATA ANALYSIS
larger than the thresholef2C, the carrier may be transferred - . .
across the junction. On the STS data, this means that the The initial step in the data analysis is to subtract the back-

I(V) curve extrapolated from the region of positiie nega- ground conductivity fromdl/dV spectra. Since the experi-
tive) biases to the origin does not pass through pbind ment is carried out at high tunneling resistances, the point-
V=0 but throughl =0, V=e/2C (or throughl =0, V= _e/’ contact regime with its characteristic V-shape background is

not expected. However, a nonlinear conductivity may come
Coulomb blockade manifests itself as a gap structurérom the surface states due to Bi-O topmost layer contami-

smoothed bykT which appears around zero bias on the bothnation as it is discussed above. In this case the tunneling
sides of thed1/dV curve[Fig. 2)] current is affected by leakage currents through the clusters,

The second effect, the Coulomb staircase, is well-knowri’Jlnd a parz_;\bolic inqreasing of the _background conductance
in granular structuréd?® where tunneling occurs through near Fermi leveEr is dominant. This unusual smeared ga-

many capacitive junctionggenerally two are necessary to plike fe‘?‘t“f.e ak was observc_ed in Ref. 14. Thus, in order to
explain the effedgt A series of oscillations superposes the extract Intrinsic supercpnductlng features we sqbtract a para-
dI/dV STS curve in this casgFig. 2(b)] bolic function from the initiald1/dV spectrum. This function

Tip-sample separation and tunneling resistante the does not consist of any free term, so no correction is done

STM topographic mode, the experiments are usually donQeaN:o' The curves are then normalized to have the value

; ; - bout unity rather far from the ga@at —100 me\j. The
choosing low tunnel resistance values: typically 10~100 m\2 X LY o -
bias is agpplied, and the tunnel current ofyipa\ flo¥/vs across corrected LDOS is presented in Figbl as a solid line. It is

the junction. This is equivalent t®;=10-100 M. The important to note a high amplitude of th? peaks/at 29
main reason for this choice is related to the exponenti V (2.7 for the normalized curyewhich is a proof for a

damping of the carrier wave function in tlzedirection. To igh-quality tunneling junction. The spectra are nearly iden-

obtain an atomic resolution image one places the tip as clost cal tf) the LDOS4 observed on a sample cleaweditu in
trahigh vacuunt’

as possible to the sample surface in order to have a sufficie
In metal-vacuum-superconductor TS measurements, the

tunnel current contrast and to not loose the atomic patter X .
information. In most cases, the tip-surface separation shoulal(v)/dv curves are USL_JaIIy_f_Itted using the BCS model
corresponding to isotropis pairing):

be typically of the same order of magnitude as a lattice con*
stant of the sample studied. This leads to a strong tip-surface

interaction, resulting in uncontrolled changes of the tip dal aJMdE N (E)[— ﬁf(E—e\/)] @
LDOS and/or tip contamination by surface atoms. As a con- dv = J_. S Y '

sequence, one often finds image contrast variations, giant

corrugations, etc. Since the tunnel current is a convolution oWwhere the density of states of the metallic electrode near the
both the tip and the surface electronic states, any singularFermi level is considered to be constaNy(E) is the tun-

ties appearing in the tip electronic structure perturb the ST®eling superconducting density of states:

data.

2C, respectively.!® Thus, at low temperaturé<e?/2kC the

The sloped In z(V)/dV measured in BR212 at R;<100 E
MQ is found to be much larger than that f&=1 GQ. Ng(E)=Np(0) —=—, E>A
Thus, at these “small’R; values the sample surface be- VET-A
comes more “elastic.” Taking into account the contribution 2

of surface conductivity to the total current, we suggest that Ng(E)=0, E<A,
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f(E) is the Fermi-Dirac distribution and(0) is the normal The normal density of states at the Fermi level is an inte-
density of states at the Fermi level. The functiedV)f(E  gral over the contoul,(0) of constant energf(k)=0:
—eV) is sharply peaked aE=eV, with a width about
4kT~1 meV at 4.2 K. Ny(0) = % dl,(0) 5

In order to explain an important broadening of the experi- N 1(0) IV Ele—o"
mental spectra, which is usually found to be higher than the i ) i
thermal one, some authors invoke a finite lifetime of quasilt IS €Sy to show that in polar coordinateg,= (k,¢), this
particles in the tunneling process by replacgy E—iT’,  €XPression can be rewritten as following:
where I' is a phenomenological pair-breaking parameter. 1 (2
This consideration permits a better fit to the tunneling spectra Nn(0)= =— j nn(0,0)do, (6)
but unfortunately results in the loss of information on the 2m Jo
symmetry of the order parameter. A high amplitude of theyhere we introduce(0,¢)de, the number of states at the
maxima of spectra observgd in thl_s work gives a fit to thegarmi level in the direction given by.
data with a rather small pair-breaking paraméterl meV. The anisotropic Fermi surface further modifies the super-

This fact is of great importance: If is higher than 2—4 meV, conducting density of states. Indeed, using E@s.and (6)
the fine features of the LDOS are attenuated and the fitting\,e obtain

procedure becomes almost independent of the degree of an-
isotropy of the order parameter. 1 (2=

The best fit by the BCS curve\=28 meV,I'=1.1 meV, Ns(BE)=5— fo ns(E,¢)de, (7)
T=4.2 K) is presented as the dashed line in Fi¢p)1The
value ofA is in a good agreement with recent restftShe  with
BCS expression fits well the maxima and the tails of the
experimental curve but not the LDOS within the gap. It is ne(E. ) = (0 )Re[ E
not surprising, since Ed2) is only justified for a BCS-type s\E, @)= TNtV N Ty
superconductor, with an isotropic Fermi surface. In the case E*-4%e)
of HTSC's, a strong anisotropy of the order parameter may To enhance the LDOS fit we have to supposg0,¢) to
occur. Since the tunneling experiment is not sensitive 10 the anisotropic with the maxima along the same directions as
phase of the order parameter, we choose, as a first approxhe maxima of the order parameter. As a first approximation
mation: we suppose

. (8)

A%(@)=A3+A% cog(2¢), (3) Nn(0,p) =Ng+ny cog4e)=ne[1+y cog4e)], (9)
) ) where y=n,/n,. The best fit[thin solid line in Fig. 1b)]
whereg is the polar angle ik, space. The values df, and corresponds toy=0.5x0.1, A,=0 meV, A,=29 meV,
A, are thes term and the anisotropic term, respectively, andt_4 - K, T=0 meV [hereNg(E) is given by Eqs(7)—(9)
the ratio Ay/A, gives the degree of anisotropy. Tunneling ,ith A(e) from Eq. (3)]. Because of the limiting signal-to-
with an axially symmetric tip requires integration owgr noise ratio we are not able to evaluate the value efith a
better accuracy. Here it is important to note, that no pair-
1 E breaking parameter was needed to fit the data. A slightly
Ns(E)=Nn(0) 5— J R{\/ﬁ de. (4 higher amplitude of the peaks on the theoretical curve with
() respect to the experimental one is naturally explained by the
limiting pass band of our data acquisition system.

The dotted line in F|g Cb) is the best fit ford-wave The dI/dV curves obtained in YBaCu@ee F|g 23)]
pairing [N(E) is taken from Eq(4) with A(g) given by Eq.  were not fitted because of their strong distortion by the para-
(3)]. The fit parameters ark,=0 meV,A;=28 meV,T=4.2  itic effects described above, high pair-breaking and strong
K, I'=0 meV. Although this model gives a higher density of zero-bias conductivity. We believe these effects to originate
states inside the gap, it does not fit better the general shape §hm the surface states due to a higher reactivity of the sur-
the LDOS: the maxima on the theoretical curve, CalCUlatEQace of YBaCuO with respect to 5212 However, tak|ng

for T=4.2 K without any pair-breaking parameter, are lessinto account similar result<;'® one may find our curves
pronounced than the maxima on the experimental one. Evemored shaped.

more general anisotropic or s+d expressions(Ay#0,

AﬁO) are not much more successful. However, we could V. CONCLUSIONS
estimate the upper limit foA;=<6—10 meV, wheread; was
found to be 25-32 meV. In this paper we tried to analyze critically the low-

To calculate more preciself (E), one must take into temperature STS data obtained on BiSrCaCuO and YBaCuO
account the particularities of the two-dimensional Fermi surimonocrystals. Both the fundamental problem of pairing sym-
face of Bi2212. Indeed, due to the strong anisotropy of themetry and experimental aspects of vacuum tunneling STS
material, one can consider that the essential features of thmeasurement were discussed.
electronic structure ne& to be due to the Cu-O plane. The  For BiSrCaCuO directly obtained!/dV curves show a
Cu-O square lattice leads to an anisotropic Fermi surface ajap structure in the LDOS with no statésss than 5-10 %
fourfold symmetry, and in the half-filled band approximation at the Fermi level followed by well-pronounced maxima.
even the van Hove singularities may lie at the Fermi I8Vel. The maxima have the same total area as the gapped states, so
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the total number of states is conserved. However, the original It is shown that, in order to avoid a number of parasitic

dI/dV curves have a slight nonconstant U-like term whicheffects in STS, some experimental conditions are required.
comes from surface states. This term was subtracted out b&hese conditions come directly from the natural properties of
fore performing the fitting procedure. The spectra correctedhe HTSC surface. Reproducible spectra may be observed
in this way were found to be similar to those observed byeven withoutin situ cleavage. However in the case of air-

Renner and Fishéf. Precise analysis of thel/dV(V) STS  cleaved samples, the surface states slightly distort the real
spectra clearly show that neither isotrogipairing nor pure | pos, and an additional correction procedure is necessary

di2—y2 pairing fit properly the experimental data if the in- pefore studying the LDOS fine structure.
plane Fermi surface is taken to be isotropic. In the presence

of the anisotropic Fermi surface of fourfold symmetry, either

very anisotropics-state (A;<6-10 meV,A;=25-32 meV

or d-state models are required to explain the results. Al- ACKNOWLEDGMENTS
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