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We present scanning tunneling spectroscopy measurements on the heavy-fermion superconductor
PrOsSh;,. Our results show that the superconducting gap opens over a large part of the Fermi surface. The
deviations from isotropic BCS-wave behavior are discussed in terms of a finite distribution of values of the
superconducting gap.
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The intriguing magnetic and superconducting propertiegzompound LaOgShy,, which does not show heavy-fermion
of most heavy-fermion metals, which include, e.g., coexisthehavior'® superconducts with a lower critical temperature
ence of superconductivity with ferromagnetism, non-Fermi{1 K Ref. (9)].
liquid behaviors, or multiple superconducting phases, repre- The determination of the most fundamental superconduct-
sent a challgnqg to our current understandmg of condensqgg properties of PrQShy, is clearly needed to understand
matter physics* The route towards the discovery of heavy yq tormation of unconventional, multiple phase supercon-
fermions is to synthesize materlals that maintain Qegrees uctivity. One of the first and most important points is to try
freedom(e.g., local magnetic or electric m_ome)ntwhlch do tg resolve the structure of the superconducting gap in the low
notr:mdelzrgo a pkr;ashe tra:nsmon upon cooling and are COUpIet mperature, low magnetic-field phase, which occupies the
to the electron bath. A large entropy can then be preserve ’ ; S .
down to low temperatures, and transferred over to the ele 9;9063;;%6‘;; Obfyt?ﬁefrg?)z(;r?;ﬁi::gﬁg]ndsl:)eoi Irrgzgzz?ignocral\rI‘MR

trons. PP ions offer this possibility if the Pr is in a cubic ;
point symmetry, where the crystal electric-field ground statdneasurements, but the experiments that have been done up

can be a nonmagnetic, non-Kramdts doublet, which can to now _Iead to c_o_ntradictory results, and are therefore not
provide the entropy needed to create a heavy-fermion grc,un%oncluswe. Specmc heat does n_ot seem adgquate to study the
state if a cooperative Jahn-Teller transition can be avdided. Superconducting gap, because it shows a high Schottky peak
PrinAg, meets these criteria, and it was shown to be the firsfit low temperature$’-*~** Nuclear quadrupole resonance
possible example of a Pr-based heavy fermion with a veryneasurements show an exponential decreaseTefl Idt low
large linear specific-heat coefficient of 6.5 J/mdlkUnfor-  temperaturésS associated with a well-developed gap. The
tunately PrinAg did not superconduct down to 50 mK, mak- London penetration depth, as measured with muon spin re-
ing it hard to independently ascertain that the large lineataxation, also appears to decrease exponentially at low
specific-heat term was indeed of electronic origin. Recentlyfemperatures? On the other hand, the angular dependent
superconductivity has been found wilh,=1.85 K in an-  thermal conductivity under magnetic fields appears to be
other Pr based heavy fermi6irOsShy,, where large elec- strongly modulated due to significant changes in the super-
tronic specific-heat coefficientsy between 300 and conducting gap over the Fermi surface. This result has been
500 mJ/mol K have been reportétf.®~*!The height of the associated with the presence of point notfes.

jump of the specific heat at the superconducting transition, Here we present direct measurements of the supercon-
which compares well with the BCS theory, shows that theducting gap in PrOs$h,,, done with high-resolution tunnel-
large y is indeed associated with the conduction electronsing spectroscopy studies in the superconducting phase with a
and that, in addition, the heavy electronic bathscanning tunneling microscog8TM). We find a supercon-
superconduct&’*1® Moreover, two superconducting transi- ducting density of states with no low-energy excitations and
tions have been clearly resolved in the specific heat at 1.8 well-developed superconducting gap.

and 1.85 K in high quality single crystalline samples, giving We use a home built STM unit and electronics installed in
strong indications for the presence of multiple superconducta partially home built dilution refrigerator and tested by mea-
ing phase$:®1° The situation seems analogous to the onlysuring the superconducting properties of Al, which is possi-
other known stoichiometric superconductor that presentbly the best known superconducting material with a critical
multiple superconducting phases, YRt? In that case, most temperature(1.2 K) of the same order of magnitude as
present theoretical and experimental scenarios associate tReOsSh;, (1.85 K). The spectra between a gold tip and an
Cooper pairing mechanism that leads to multiple phase suAl sample are perfectly fitted to conventional isotropic BCS
perconductivity to magnetic fluctuatioh®. Instead, in swave theory:’ The lowest measuring temperature of our
PrOsSh;,, interactions with fluctuating quadrupoléelec- setup is T=190 mK. Single crystals of PrQSh, were

tric) moments seem the most likely mechanism that drivegrown out of a ternary melt that was rich in both Os and Sb.
the system to an unconventional, multiple phase supercorA starting composition of BOs;Shs, was heated to 1200 °C
ducting stat&’°-1113-15Note also that the isostructural and cooled over 100 h to 725 °C and then decanted, reveal-

0163-1829/2004/68)/0605044)/$22.50 69 060504-1 ©2004 The American Physical Society



RAPID COMMUNICATIONS

SUDEROW, VIEIRA, STRAND, BUD’KO, AND CANFIELD PHYSICAL REVIEW B69, 060504R) (2004
ok . T T A therefore a sum of the contributions from electrons coming
. from different sheets of the Fermi surface havingectors
0-4_' ] with distinct orientations. If the superconducting gap is an-
02+ i isotropic in a given sheet, or if it does not have the same
£ ool value in different sheets of the Fermi surface, or both, the
g ) tunneling spectra reflect this distribution of values of the
3-0-2 - ] superconducting gap by showing more broadened coherence
045 ] peaks, which produce a deviation from isotropic BCS s-wave
; behavior(Fig. 1 and, e.g., Ref. 29 Defects, grain bound-
06  Au-PrOssSb, - aries, or other perturbations that one can figure out to occur
6 oy oy T near the surface can lead to two effects: either a decrease of
20 the observe_d anisotropy through the mixing of the _electronlc
g wave functions from different parts of the Fermi surface
g caused by strong interband and/or intraband electronic
S 15 scattering?’~ > resulting in less broadened coherence peaks:
2 or to pair breaking effects, resulting in an increased residual
8 ] density of states at the Fermi level. The former was not ob-
g 1.0 served, and the latter has been observed in some locations of
% the surface, as discussed further on. Therefore, the deviations
£ 05 between the experiment and the fit shown in Fig. 1 must be
2 intrinsic to the superconducting density of states in this com-
pound.
oolL— 1 . : ; Note that the conductance begins to increase at about
#1000 -SOB?ias Vo|?age (uvs)oo 1000 120 nV, and the highest point of the coherence peak is lo-

cated at 325.V. As a matter of fact, the shape of the tun-

FIG. 1. Current-voltage characteristica) and tunneling con- neling spectra we find is similar to the form of the spectra
ductance(b) between PrOsSh, and a tip of Au at 0.19 K. The taken in the much studied material NbS@ where a distri-
superconducting gap is well developed with no low-energy excitabution of values of the superconducting gap over the Fermi
tions. The line in(b) is the prediction from conventional isotropic surface was deduced from first experiméﬁt§ubsequent
BCS s-wave theory using\ =270 . eV andT=0.19 K. The inset  \ork have identified this distribution as coming from differ-
in (b) shows a typical topographic image of the surface, representant gap values in different sheets of the Fermi surface in that
ing an area of 58 50 nn?, with a corrugation of about 4 nm. compoundmultiband superconductivi))?“'ZSWhereas more

work is clearly needed to understand the origin of the gap

ing small cubic crystals. We measured three samples in eighiistribution in PrOgSh,,, it is noteworthy to remark that
different cool downs by placing a Au tip on optically neat strong changes in the mass renormalization in different
and flat faces of the single crystals. Within a given coolsheets has been found in the de Haas van Alphen experi-
down, we changed the macroscopic position of the Au tip orments of Ref. 16. These changes may also lead to the distri-
the surface and measured mamnyore than 50 in totaldif- bution of values of the superconducting gap measured in our
ferent scanning windows (100100 nnf), using the posi- experiment. This strengthens the idea that both the mass
tioning capabilities of ouy table, as in previous work  renormalization and superconductivity are of the same ori-
The measured work functions were always of several eV'gin, i.e., the quadrupolar fluctuations favor superconducting
and the topography was reproducible upon changes of theorrelations, as well as the possible multiband character of
tunneling current. It consists of inclined planes and bumpssuperconductivity in this compound.
with typical corrugations of about 4 nrtinset of Fig. 1, The spectra are smeared when we increase the tempera-
indicating that the crystallographic direction of the surface isture, as shown in Fig.(2), and become flat above the bulk
not well defined at the nanoscopic length scales relevant faeritical temperatur€1.85 K). The mean value of the super-
this experiment. conducting gap, determined as in Refs. 23 and 26, is shown

Typical spectra(Fig. 1) show a clean density of states in Fig. 2(b). Using BCS prediction for the temperature de-
with no low-energy excitations, demonstrating that the superpendence of the gajine in Fig. 2b)], we can extrapolate
conducting gap is well developed over a large part of thehe data and obtain a critical temperature of 1.8 K, which is
Fermi surface. The best fit with isotropic BGSvave theory the bulk T, (1.85 K) value within our experimental error
is shown by the line in Fig. 1. Usin=0.19 K we obtain a (10%).
value for the superconducting gap=270 ueV, which The superconducting properties in this compound clearly
gives 2A/kgT.=3.4, very close to the BCS value 3.53. Note differ from the ones in magnetically mediated Ce or U heavy
that differences between the experiment and the fit aréermions. Although we could not find any published STM
clearly resolved, thanks to the high resolution in voltage ofmeasurements in the tunneling regime and in the supercon-
our experiment/ ducting phase in these materials, there is compelling evi-

The tunneling current depends on the overlap of the elecdence from many different techniques sensitive to the super-
tron wave functions of tip and sample near the surface, beingonducting density of states that a large amount of low-
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< FIG. 3. Set of tunneling conductance curves taken in different
100 b positions on the surface of PrgBhy, at 0.19 K with a tip of Au.
%5 . R T Y- a—T The curves have been displaced by 0.75 units inythexis for
Temperature (K) clarity, and the lines show the location of zero conductance for each

curve. The finite density of states at the Fermi level measured in

FIG. 2. In(a) we show the temperature dependence of the tunsome positiongc,d) shows that pair breaking effects can appear at
nelling conductance between superconducting 86s and a nor-  the surface of this compound.
mal tip of Au. The curves have been displaced by 0.5 units in the y . . . . .
axis for clarity. The data were taken at 0.2,0.3,0.4,0.6,0.8,1,1.2,1.f4res(not shown in the figune When we find a finite density
K from bottom to top. In b. the mean value of the superconducting®f States at the Fermi level, the superconducting features also
gap[from arrows in(a), see Refs. 23 and 26 for more dethils disappear at a temperature smaller than critical temperature
shown as a function of temperature, together with the prediction of the bulk, indicating that the physical origin for the residual

the BCS theory(line). The extrapolated critical temperature coin- density of states at the Fermi level is some kind of strong
cides with the value found in the bulk. pair breaking effect appearing near the surface, easily de-

tected with our technique.

In conclusion, we performed a direct measurement of the
superconducting gap through high-resolution local tunneling
%pectroscopy measurements in the heavy-fermion supercon-

uctor PrOgSh;,. Typical spectra demonstrate that the su-

erconducting gap is well developed over a large part of the
' Fermi surface. The presence of a finite distribution of values
H the superconducting gap over the Fermi surface can be

f 7
order of magnitude at the nod&’ In the case of jitorred from deviations between the experiment and isotro-
PrOsShy,, there are at present no data pointing toward ic BCSs-wave behavior.

extended gapless regions on the Fermi surface, as the one
caused by a line of nodes, so that the superconducting gap We acknowledge discussions with J. P. Brison, M. Crespo,
appears to be opened in a much larger part of the Fermj. Flouquet, F. Guinea, K. Izawa, Y. Kitaoka, A. Levanyuk,
surface than in URt and J. G. Rodrigo and support from the ESF program VOR-
The observed behavior has been reproduced in differenfEX, from the MCyT (Spain, Grant No. MAT-2001-1281-
places, but it is not found over the whole surface. In generalC02-0, and from the Comunidad Awoma de Madrid
regions with no residual density of states, as shown in Figs(Grant No. 07N/0053/2002, SpairiThe Laboratorio de Ba-
3(a) and 3b), have typical sizes of several times the coher-jas Temperaturas is associated to the ICMM of the CSIC.
ence length §,=12 nm Ref. 6 and are surrounded by re- Ames Laboratory is operated for the U.S. Department of En-
gions where a finite density of states appears at the Ferngirgy by lowa State University under Contract No. W-7405-
level, shown in Figs. @) and 3d). We can also easily find Eng-82. This work was supported by the Director for Energy
regions with much less well-defined superconducting feaResearch, Office of Basic Energy Sciences.

energy excitations due to a strongly anisotropic
superconducting gap is found in most cases. For instanc
many experiments show now that the multiphase superco
ductor UP% presents a line node along the basal plane an
nodes along the axis of its hexagonal crystalline structure
with a superconducting gap that decreases by more than
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