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Energy gap of intermediate-valent SmRB studied by point-contact spectroscopy
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We have investigated the intermediate valence narrow-gap semiconductgrebhol/ temperatures using
both conventional spear-anvil type point contacts as well as mechanically controllable break junctions. The
zero-bias conductance varied between less than @.81and up to 1 mS. The position of the spectral anoma-
lies, which are related to the different activation energies and band gaps qf, 8idBiot depend on the the
contact size. Two different regimes of charge transport could be distinguished: Contacts with large zero-bias
conductance are in the diffusive Maxwell regime. They had spectra with only small nonlinearities. Contacts
with small zero-bias conductance are in the tunneling regime. They had larger anomalies, but still indicating a
finite 45% residual quasiparticle density of states at the Fermi level at low temperatufesOof K. The
density of states derived from the tuneling spectra can be decomposed into two energy-dependent parts with
Ey=21 meV andEq=4.5 meV wide gaps, respectively.
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. INTRODUCTION with the surface of a cleaved SrgBingle crystal. The spec-

tra of these low-resistance contacts showed a 4.6 meV wide

Samarium hexaboride SrgB is a homogeneous anomaly(full width at half maximum which was attributed
intermediate-valence compound in which the electronido a gap in the density of states. The overall size of this
structure at low temperatures shows a narrow energy gap asomaly was only about 10% of the mean contact resistance.
well as spin gap, both originating from the hybridization be-Guntherodtet al?® investigated Schottky-type tunnel con-
tween the narrow states formed by electrons of samaritim 4tacts between SmBand GaAs. They found a huge but only
shell and the wide conduction band formed by both bgyon 2.7 meV wide zero-bias anomaly. Such small gaps were ob-
states and Smsstates: A review of this and similar mate- tained only when the SmBsurface was sputter cleanéu
rials can be found in Refs. 1-4. situ. Without such a treatment the anomalies broadened to

Recent experiments on SmBRefs. 5-13 have shown around 10 meV. Planar tunnel junctions with lead counter
that in the low-energy excitation spectrum of this materialelectrodes were investigated by Batloggal?® and by
several energy scales exist, and also several regimes of lowkmsler et al?’ The latter experiments showed 14 meV wide
temperature electron kinetics. At least three different activaspectral anomalies, roughly coinciding with g band gap,
tion energies determine the behavior of the conduction elecand a~70% residual quasiparticle density of states at the
trons. In the temperature range 70>K>15 K the Fermi level. No consistent picture could evolve from all
properties of SmB are governed by the hybridization gap these experiments, because the width as well as the size of
Ey~10—-20 meV. Between 15 and 5 K, a narrow in-gap the main zero-bias anomaly varied a lot. To obtain more and,
band separated from the bottom of the conduction band by Ropefully, reliable information on the different energy scales
direct activation energy oEy;~3—5 meV has been ob- involved we investigated direct junctions between two bulk
served. The properties of this narrow band seem to be influsieces of SmB as function of contact size.
enced by the content of impurities and imperfections of the

specific sample. Below abbb K the electrical conductivity Il EXPERIMENTAL
saturates, indicating a small conductivity channel within the '
Eq in-gap states, where the Fermi level is pinned. Our SmBy samples were cut from one batch which was

Various models have been proposed to explain the formagrown by the zone-floating method as described in Ref. 28.
tion of the E; band and the origin of the residual About 800 ppm magnetic impurities, mostly magnetic lan-
conductivity>**~?' but so far no final conclusion could be thanide elements close to Sm in the periodic table, were
obtained. While Ref. 12 favors hopping processes of elecfound by magnetic susceptibility measureméfita. similar
trons, Refs. 22, 23 prefer a coherent metal-like state at lovamount of nonmagnetic impurities, mainly lanthanum, was
temperatures. In either case electrons are strongly localizedetected by induction-coupled plasma spectroscopy.

(~0.6 nm localization radiysat random impurities with a Two different type of point contacts were prepared. First,
small concentration o~10? m~2 at low temperature§  two mechanically polished pieces of SgWere brought into

To search for anomalies in the quasiparticle density ofcontact in a spear-anvil type setup and measured at 4.2 K in
states a number of experiments on small junctions witHiquid helium. Second, bulk pieces of Sm&ere broken at a
SmB; has been performed. Frankowski and Wadlter predefined notch in the ultrahigh vacuum region of a cold
brought a sharply etched molybdenum tip into direct contactHe-*He dilution refrigerator and measured mainly at 0.1 K.
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FIG. 1. Electrical conductivityr vs temperaturd of the bulk U (mV)
SmB; sample. FIG. 3. Asymmetriod|/dU(U) spectra of spear-anvil type con-

tacts with high zero-bias conductandes 4.2 K.
Reference 29 describes our break-junction apparatus in de-

tail. With mechanically controllable break junctions we
avoid the oxidation of the interfaces. It also offers excellentPeak apppears. Its value Bf ~3.7 meV corresponds to the
mechanical stability of the contacts so that also very smalformation of the narrow in-gap band within the hybridization
junctions can be investigated. In both casesdielU(U)  gap locatecE] below the conduction band edge. These two
spectra were recorded in the standard four-terminal modactivation energies do not clearly level off. Therefore the
with current biasing. asterisk is used to distinguish the activation-derived values
from the true energy gaps still to be determined.
With further decreasing temperature, the activation energy
W falls to very low values. The anomaly at about2 K
with E;~0.2 meV originates probably from an additional
Figure 1 shows the temperature dependence of the bulkarrow band formed inside the energy gajose to thek,
conductivity o(T) of the single crystalline SmBsample. band due to the relatively large content of impurities of the
o(T) decreases in a rather complicated way with decreasingample. Below about 1 K, however, the activation energy is
T, saturating at the lowest temperatures. Describing the corlewer than the available thermal energyT, indicating a
ductivity by thermally activated mechanismy(T)>xexp  metalliclike conduction mechanism at the lowest tempera-

IIl. ELECTRICAL CONDUCTIVITY AND ACTIVATION
ENERGIES

(—WIkgT), an activation energy tures. This would agree with recent ac conductffitand
specific heat measurements of SgifBwhich are interpreted
W= —dIno(T)/d(1/kgT) (1) as showing a transition into a coherent heavy-fermion-like

) . . state below about 5 K.
can be definedFig. 2). It shows a peak of about 5.6 meV in

the temperature range between 70 and 15 K. This value can
be attributed toEZ;/Z when the Fermi level sits just in the IV. POINT-CONTACT SPECTROSCOPY
center of the hybridization band gap of With;

~11.2 meV. Between 15 an5 K the second pronounced W& have investigated more than 100 Sp#8nB; point

contacts with zero-bias conductance ranging from about
0.01 uS to about 1 mS, most of them using the spear-anvil
I E ,2 56meV - tgchnique. These spear-anvil type junctions had a high zero-
st bias conductance and usually symmettiédU(U) spectra,

- X similar to those obtained earlier on SgiBlo point
4 E =37 mev — g contacts®* But few of those junctions were asymmetric simi-

lar to that in Fig. 3. We found anomalies, typically small

kinks in thedl/dU spectra indicating a change of slope, at
U~4 mV andU~12 mV, respectively.

Figures 4, 5, and 6 show typicdl/dU spectra of SmB
break junctions af=0.1 K. As with the spear-anvil type
contacts they had anomalies #/dU and in d?l/dU? at
0 fooomems . about 4 mV and 12 meV. Very often additional anomalies
: ‘0:1 = 1' — 1'0 e '1'(')0 were observed close to 0.2, 1.8, and 22 meV. Several junc-

T (K) tions also had anomalies at about 80 mV.
Spectra with high zero-bias conductan@g=dl/dU(T

FIG. 2. Temperature dependence of the activation endfgy ~ =0.1K,U=0) shown in Fig. 4 were symmetric with respect
SmB;, calculated from the conductivity data in Fig. 2. to the applied voltage. Figures 5 and 6 show that when the

6 MR v LA ]

W (meV)

Ea =0.2 meV
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FIG. 4. (a) dI/dU(U) spectrum of a contact with high zero-bias

conductanceé5,=dl/dU(U=0) atT=0.1 K. The dotted line de- 3¢t could also contribute to the asymmetry.
scribeg tentatively the expected spectrum_at t_wighztempzeratures with The spectra of junctions with low conductan(fég. 6)
zero-bias conductand8,, . (b) Second derivative”l/dU%(U) of  55n6ar to be broader than those with higher zero-bias con-
the spectrum ir(@). ductance(Fig. 5). However, according to Fig. 7 the position

of the anomalies is not affected by any variationGy. This
zero-bias conductand®, falls below about 30uS, the dif-  points then to different weighing factors of the anomalies at
ferential conductance becomes more and more asymmetrismall and at large zero-bias conductance, respectively, pos-
This tendency towards asymmetry could result from an insibly reflecting the two different regimes of charge transport
homogeneous distribution of impurities and imperfections indiscussed below. In Fig. 7 we have labeled the positions
the sample which can lead to different local carrier concenaccording to the activation energies,, Eg, and Ej .
tration, and which become the more pronounced the smalleknomalies around 1.8 mV as well as around 22 meV could
the contact interface is. The different possible crystallo-be related withEg/2—Ej and 27 , respectively. And one
graphic orientations of the SmRlectrodes forming the con- could speculate whether the 80 mV anomaligst shown in

the figurg correspond to the excitation of electrons into

40 ——————————————1— higher energy levels of the Sm ions, considered, for example,
351 . [ —go—o-—e - 2E, |
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) S S S R S S T FIG. 7. Position of the anomalies vs conductance at zero bias
40 -30 20 10 0 10 20 30 40 voltage. Solid circles represent break-junction data, the shaded area
U (mV) indicates average values derived from the spear-anvil type junctions

(for which G, is the zero-bias conductance at 4.2 Bolid lines are
FIG. 5. dlI/dU(U) spectra of contacts with medium zero-bias guides to the eye, and tentatively labeled with the corresponding
conductance af=0.1 K. Arrows mark the characteristic energies. activation energies.
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tween conductors with a short electronic mean free path.
Naidyuk and Yansoit have recently reviewed and dicussed

this topic.

As one typical example to illustrate the situation we refer
point-contact experiments with the Kondo semiconductor

to interprete magnetic properties of SgiB®

The properties of the junctions depend only weakly on
temperaturgFig. 8) and on magnetic fieldFig. 9). In both
cases, the shape of the spectra does not change much, onl

n

the c_ondgctance increases slightly when el_thgr the temloer%eNiSn. It is ususally believed that direct junctions with this

ture is raised from 0.1 Kat 1 K or themagnetic field from 0 X ) .
short mean free path compound are in the tunneling regime,

T to 8 T (the field was always perpendicular to the direction; . .
of current flow. Thus also the magnetoresistance is smallImplylng that the spectra measure the density of SEHES.

. . . . However, it was demonstrated recently that those point con-
and negative as in the bulk sample. Junct_lons with Iarg(?acts are more likely metalli And this, in turn, makes it
zero-bias conductancé&sy~1 mS had typically Go(B ) ' '

~ AP P : : impossible to extract the density of states.
fTe(I)(i/i(r?O'l('?l):igllw()) 1.3<10°"B*, where B is the applied We emphasize that the shape of the spectra itself does not

tell anything about the regime of charge transport, whether it
is tunneling or diffusive transport, for example, unless one
V. REGIMES OF CHARGE TRANSPORT works with a well-known substance for which the spectra
i can be predicted reliably. Experiments with a superconduct-
To evaluate the observedl/dU(U) dependencies not ing |ead counter electrode similar to that in Ref. 27 allow the
only qualitatively, one should know the regime of chargeqyality of a tunnel junction to be verified. For such an ex-
transport across the contacts. This is absolutely necessaryﬁgrimem quantum tunneling can be confirmed or disproved.
one wants to attribute a spectral anomaly at a bias volthge Obviously, this does not work for SmBn contact with an
to an an_omaly in the density of states or to some scatteringiner piece of SmB since the exact properties of this com-
mechanism at an energy). We face here a quite general— ,ond have yet to be determined. Thus for our experiments
but very often ignored—problem of direct contadthat  {he sjtuation seems hopeless. But there exists what we be-
means contacts without well-defined tunneling bajriee-  jieve are strong arguments to identify the relevant transport
mechanisms. We use a procedure that has been developed for
. T T contacts with heavy-fermion compouritié® as well as for
junctions with doped germaniufd;® both materials with a
typically short electronic mean free patbr hopping length
in the latter case

VI. LARGE JUNCTIONS—MAXWELL REGIME

SmB; has—due to hybridization effects—an extremely
short electronic mean free path at low temperatures, which
amounts to not more than several lattice constants. Therefore
it is difficult to evaluate our experiments in terms of the
classical metallic point contact spectroscopy. When the di-

di/dU (.S)

.3'0 ' -2'0 10 0 10 20 30 ameterd, the characteristic dimension of the point contact, is
U (mV) large, it can certainly be estimated using Maxwell's formula

G~od, whereG=dl/dU is the point-contact conductance

FIG. 9. dI/dU(U) spectra of a contact &=0.1 K in a mag- at zero biaga circular shape of the contact is a useful sim-
netic field ofB=0 andB=8 T, respectively. plifying assumption Two approaches are possible: One
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could setG of Maxwell's formula equal to the measured any of the observed anomalies of tthiedU spectra in terms
dI/dU(U=0) and use the measuredat the same tempera- of overheating, and the observed anomalies should mark the
ture. Thus, witho(T=0.1 K)=~0.05 uS/cm from Fig. 1, a correct energies at which certain energy bands can be occu-
Go=1 uS junction has @~200 nm diameter. However, it pied or scattering mechanisms start to work.

is better—and this has been clearly demonstrated for junc- The small magnetoresistance, less than 109Ba8 T
tions with the heavy-fermion superconductdr®—to use for the junction in Fig. 9, also indicates no overheating. Oth-
the change of conductan&& and conductivitySo, respec- erwise a much larger effect had to be expected from the
tively, when the temperature is increased. Thus the contastrong magnetoresistivity of the bulk sample above 1 K.
diameter in the Maxwell regime actually becomes

d~ 80/ 6G. 2 VII. SMALL JUNCTIONS—TUNNELING

We have noted that the conductance increases by roughly 5% On further reducing the lateral size or diameter of the
when the temperature is increased from 0.1 to 1 K. At thgunctions one should expect a transition to ballistic transport

same time, the bulk conductivity of our sample increases byf SmB; was an ordinary metal. Obviously, this is not the
a factor of 4 to about 0.2 S/cm. If we attribute this ianeasecase_ Because of the low carrier concentration Nf

of conductance to the increase of bulk conductivity in Fig. 1~ 10?3 m~3 2 the junctions will instead undergo a transition
then, according to Eq2), the diameter amounts to about 3 to tunneling. Again there are two different approaches to
nm only. (Applying this method on Sm@is by far less reli-  estimate the contact diameter at which this transition will
able than for junctions with the heavy-fermion compoundsiake place, depending on whether conduction is due to elec-
The above value should be regarded as an estimate for thﬁ)ns in a coherent metal-like state or due to hoppmg
order of magnitude ofl.) Such a small contact is still formed First, if the electron system at low temperatures is de-
by ~100 atoms which contribute to its mechanical stability.scribed by a coherent state, the Fermi wave number amounts
In fact, we have found a lack of stability, indicating the tran- to aboutk.= (37N)*=10° m~*. In the contact region, dis-
sition to “one atom” junctions, only when the conductance is crete energy levels can exist which carry electrical current as
further reduced by a factor of at least 100. This qualitativqong as the contact diametéiis |arger than 44':%40 nm. If
agreement supports our estimate of the contact size. Neveihe diameter is smaller, electrons have to cross the junction
theless, Maxwell's formula is valid only for large junctions, as evanescent waves, that means they tunnel. Such a situa-
and we have yet to determine its lower bound. tion has been observed at direct junctions with antimon, also
The large temperature-independent background needs compound with a low carrier densfty.
be explained: It is not due to impurities of the bulk sample.  Second, if electron transport is due to thermally activated
More Ilkely the contact distorts the crystal lattice |0C3.||y, and hoppmg between localized |mpu|’|ty states as proposed in
these additional defects enhance the local conductivity. ARef. 12, for example, then junctions with SgBhould be
similar phenomenom—but of opposite direction—has beerrompared with those of a real semiconductor such as germa-
observed at junctions with heavy-fermion materfdiLat-  npjum. Junctions with doped Ge seem to be in a tunneling
tice defects there enhance the local resistivity and, consestate although there is a direct contact with the bulk material
quently, the contact resistance. Using the absolute value qfithout dielectric barriet’*® Transport across such contacts
the contact resistance itself instead of its temperaturecan be called “tunneling” because the hopping length is so
dependent part would then considerably underestimate thgrge that the charge carriers cross the junction interface by
contact diameter, contrary to the Sginctions. one single hop process. These hop processes across the junc-
Joule heating of our SmBSMB; contacts could be ex- tjon are the same as that in the bulk material. We believe that
pected at high bias voltages. A simple heating midete-  our SmB, junctions with small zero-bias conductance can be

dicts the effective temperature of the contact in such a tunnelinglike state. A reasonable estimate for the
= e impurity density is the carrier density, and the average dis-
Terr= VTp T U/AL ) tance betwen the impurities equals the hopping length. The

at a bath temperaturd,. Here the Lorenz numbeL transition to tunneling has then to be expected when the con-
=k/oT, andk denotes the thermal conductivity of the ma- tacts become smaller thai™ *~22 nm.

terial in the contact region. In the Drude-Sommerfeld theory For both approaches, using E@) to estimate the contact

of metalsL equalsL,=2.45<10" 8 V?/K?, implying a sig- diameter, the transition towards tunneling should take place
nificant overheating of the contact. However, Smias a when the zero-bias conductance gets smaller than about
very low electrical conductivity below about 5 (Fig. 1) but 10 xS. And this is just what we are observing: a transition
a rather high thermal conductivifydue to heat transport by in the size of the zero-bias anomalies whep is reduced.
phonons. This yields a more than five orders of magnitud&Ve fit a parabola to the spectra a high voltages as indicated
higherL and provides a very effective cooling of the contact.in Fig. 4 to define as reference the conductance at zero bias
Electrons crossing such a large junction take part in manys,, if there was no gap in the densitystates(According to
scattering events, but basically they keep their original ki-Ref. 27 one would have to increase the temperature of a
netic energy as they diffuse through the contact region. At @pecific junction to above 40 K to get an experimental value
bath temperature ofT,=0.1 K a voltage ofU=30 mV  for G, . This was not possible with our appargtushe rela-
would heat up the contact to not more th@ge=0.4 K. tive size of the zero-bias anomaly at low temperatures is then
Therefore the applied voltadd is too small to account for Gg/Gy. For contacts between SrgBand a normal metal

085104-5



K. FLACHBART et al. PHYSICAL REVIEW B 64 085104

1.0 rrem—r—r ey interpretation of these energies: the positions do not depend
I T on the zero-bias conductance, that means on the lateral con-
0.9 tact size. It implies that there is no additional voltage drop in
0_3'_ the contact area, which could pose a problem at very large
I ) junctions withGy=1 mS. Thus Fig. 7 demonstrates that at
S 07} . least up toGy~1 mS we can still derive the kinetic energy
o I T of the electrons from the applied bias voltage because of the
LT)° 0'6_' ¢ ° ’ suppressed local heating.
~ o5l ® g J Anomalies aEj as well as aEg could be observed at all
- e ; junctions. These dominant anomalies could indicate when
041 o °* . the top of the valence band and the narrow impurity band of
I T one electrode, respectively, face the bottom of the conduction
BT e T T e o0 o0 band of the other electrode. At some junctions we could also
Go (1S) resolve a small anomaly which corresponds to the lowest

activation energye, of our sample. It may represent an ad-
FIG. 11. Square-root of the normalized residual zero-bias CoNgitional impurity band close to thE band.

ductanceyGo /Gy vs zero-bias conductané®,. Without the gap a Not all junctions showed anomalies at around 0.2, 2, and

zero-b!as (?onductancéH is estlmated.. S_olld circles represent 2 meV. An obvious reason for the sometime missing low-
break-junction data, the shaded area indicates average values de-

rived from the spear-anvil type junctiofr which G, is the zero- energy anomalies could be the degradation of the interface

bias conductance at 4.2)KThe solid lines are guides to the eye. region due to the contact, increasing the local conductivity
and thereby suppressing the low-energy processes. Two of

with constant density of states around the Fermi level, simithe anomalies, the one at 1.8 meV and the other at 22 meV,
lar to that in Ref. 27, the differential conductartédU(U) ~ have no counterpart as an activation energy from Fig. 2. And
is proportional to the energy dependence of the local eled! iS unclear whether they just accidentally coincide with
tronic density of states multiplied by the transmission prob-Eg/2—Eg§ and 27 , respectively. To speculate whether the
ability of the contact? Thusgo/gy~G,/Gy whengo, the — anomaly at twiceEy results from a double junction, that is a
low-temperature density of states at the Fermi level, is norcontact with two junctions in series, can be safely discarded
malized to the density of states without ggp. Since for  because there are no corresponding anomalies at lower ener-
SmB;-SmB; homocontacts the same quasiparticle density ofjies at Ej or at 2E,. The two above anomalies could be
states on both sides of the contact contribute to the tunnelrtefacts, created by the stress in the contact region, and

conductanceg, has to be described by which is not present in the bulk sample. But there is no
reason why in such a case the position of the other anomalies
90/9n~VGo/Gp. (4) should not be affected in a similar way. This open question

Figure 11 shows that large junctionflarge G,) also have leads us to reconsider our way of attributing certain energies
large VGo/Gy because of their large background signal.derived form the activation energy to the observed anoma-
This is inconsistent with the quasiparticle density of states ofies.

around 70% measured using planar tunnel junctiond at The necessary additional information can be obtained
=10 K.2"Moreover there seems to be a systematic decreadéom the tunneling spectra. As discussed above, a residual
of the relative size of the anomaly & —1 mS, possibly —quasiparticle density of states at the Fermi level of about
indicating a transition from diffusive to thermal transport 45%, derived from the size of the zero-bias anomlies of
when progressively more scattering processes are requir&nall junctions withGo<1 uS and shown in Fig. 11, is
for an electron to pass the contact region. Its initial kineticconsiderably smaller than the data obtained by conventional
energy is then not conserved any more. The signal size dfnnel junctiong’ However, this difference is not unreason-
smaller junctions, however, agrees much better with the exable because the latter experiments, compared to ours, were
pected density of states if we take into account our muctgarried out at much higher temperatures when the
lower temperatures of=0.1 K, letting us attribute the anomaly has not fully developed. The rather large scattering
zero-bias conductance to the finite density of quasiparticle§f our data points in Fig. 11 probably results, in a minor part,
in the gap at the Fermi level. Thus bulk transport turns tofrom our method of extrapolatinGy , the zero-bias conduc-

tunneling below abouG,~2 uS, in excellent agreement tance without gap. The major part is due to the fact that the
with our above estimate. break junctions are a local probe. Each junction has slightly

different local properties, for example, due to stress induced
by the contact. At planar tunnel junctions, on the other hand,
the density of states is sampled and averaged over a much
wider contact area. Of course, uniform stress and a preferred
Most of the anomalies, for the break junctions as well adirection could affect the spectra of those planar junctions as
for the spear-anvil type contacts, were found at positions thaell.
coincide well with the characteristic activation energies of To estimate the average density of states at our SmB
SmB; (Fig. 7). The important point here is that, whatever thetunnel junctions, that means junctions wily<1 uS, we

VIIl. THE ENERGY GAPS AND THE QUASIPARTICLE
DENSITY OF STATES
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FIG. 12. Averagall/dU tunnel spectrunsolid circleg and a fit FIG. 13. Second derivativé’l/dU? of the average spectrum of

(white solid line through the data pointsalculated using the den- the tunnel junctiongopen circleg and of the fit(solid line).

sity of statesg(E) shown by the dotted lineg(E) is the sum of
d,(E) andg,(E) plus a constant background. IX. CONCLUSION

normalized their spectra with _respect to the voltage- The differential conductance of SrgBmB; junctions
dependent background as described in Fig. 4, averaged thgs heen investigated at low temperatures as function of con-
normalized spectra, and then fitted the average spectrum Ryct size. A very wide range of data on the conductance scale
various functional dependencies of the density of states, agjown to very small junctions was made possible because of
suming a constant transmission probability. A good fit washe excellent mechanical stability of the break junctions
obtained by assuming a constant background of 45% and When compared to the spear-anvil type contacts. Two differ-
different energy-dependent pargg »(E) of the density of gnt regimes of charge transport were distinguished. Large
states as shown in Fig. 12. _ junctions are in the diffusive Maxwell regime, in which the
The one partg,(E) has a rather wide gap of about 21 ¢onguctance is dominated by the bulk conductivity. Local
meV (full width at half maximum, while the other part heating is negligible because of the large phonon heat con-
92(E) has a much narrower gap of about 4.5 meV. These tweyctivity. Therefore, the applied bias voltage can still be at-
gaps may be attributed to the hybridization gap andERe tripyted to the kinetic energy of the charge carriers, enabling
anomaly, rt_aspectlvely. But in this case the width of the '5‘_rge"spectroscopy. Small junctions are in the tunneling regime,
anomaly differs a lot, almost a factor of 2, from the activa-ajthough there is no dielectric barrier. Depending on the
tion energy data. On the other hand, if the ga@i(E) was  model used, electrons tunnel through the contact either by a
suppressed, leaving only the gapga(E), the anomaly of  single hopping event as in the bulk material or as evanescent
the density of states found in Ref. 27 for planar Sab  \waves because of a large Fermi wave number. Both models
tunnel junctions at 10 K would be reproduced quite W#tle  predict the transition to tunneling when the zero-bias con-
anomaly described by Ref. 27 had a_somewhat smaller widt uctance becomes smaller than about/8, in good agree-
of about 14 meV, possibly because it was also asymmetric ment with our experiments. The spectra of these tunnel junc-
This supports our interpretation of tunneling due to the lat+ions indicate a finite 45% residual density of states at the
eral confinement at our junctions. It seems as if the gap iftermi level. In the two different regimes of transport, at large
g2(E) develops only at low temperaturgs<10 K. And this a5 well as at small junctions, anomalies can be resolved at
has to be expected in view of the bulk conductivity and thethe same energies. However, only the spectra in the tunneling
activation energy. regime reveal the correct gaps in the density of statets,of
The second derivative?l/dU? of the average spectrum —21 mev andE,=4.5 meV that are responsible for the
as well as of the fit in Fig. 13 clearly show anomalies atopserved anomalies. The absolute values of these two ener-

around 1.6, 5.5, 11, and 21 mV, respectively. Thus except f%(;ies fit well those derived from other experiments.
E,=0.2 eV all anomalies found in the spectra as displaye

in Fig. 7 can also be recovered from the fit curve. We believe
that the activation-derived gaps differ from the real gap val-
uesE4=21 meV andE;=4.5 meV because even at low
temperatures the density of states remains finite inside the This work was supported by the Slovak Scientific Grant
gaps. Therefore electrons can be thermally excited into statesgency VEGA, Contract No. 1148-01 and 7022-20, and by
with energyE<Eq or E<Ey/2, respectively, smearing out the SFB 252 Darmstadt/Frankfurt/Mainz. US Steel ikes
the otherwise discrete activation-energy levels. sponsored part of the liquid nitrogen.
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