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Phonon-mediated anisotropic superconductivity in the Y and Lu nickel borocarbides
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We present scanning tunneling spectroscopy and microscopy measurements at low temperatures in the
borocarbide material®Ni,B,C (R=Y, Lu). The characteristic strong-coupling structure due to the pairing
interaction is unambiguously resolved in the superconducting density of states. It is located at the supercon-
ducting gap plus the energy corresponding to a phonon mode identified in previous neutron-scattering experi-
ments. These measurements also show that this mode is coupled to the electrons through a highly anisotropic
electron-phonon interaction originated by a nesting feature of the Fermi surface. Our experiments, from which
we can extract a large electron-phonon coupling parametéyetween 0.5 and 0)8demonstrate that this
anisotropic electron-phonon coupling has an essential contribution to the pairing interaction. The tunneling
spectra show an anisotropgenvave superconducting gap function.
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[. INTRODUCTION phonon mediated superconducting state, as evidenced in
other families of superconductors(e.g., in the

In most known superconductors the formation of CooperdiChalChogenidég’l%. Here we present measurements of
pairs is based on an attractive interaction mediated byunneling spectroscopy of the nonmagnetic YBIC and
phonons. However, Cooper pairing driven by other Bosonid-uNi,B,C, which show that the highly anisotropic electron-
excitations has also attracted much attention due to its funphonon interaction produced by Fermi surface nesting drives
damental interest. Some of the proposed mechanisms hatke system to an also anisotropic superconducting state. We
been used to interpret the superconducting behavior of difgive insight into the nature of the pairing mechanism, the
ferent compounds discovered during the last decades. B@rder parameter symmetry, and the gap anisotropy.
clear microscopic information is very much needed in this
field. The situation is especially puzzling in the borocarbide
materials RNi,B,C, R=Y, Lu, Tm, Er, Ho, Dy, where
recent experiments have shown that the question about the Tunneling spectroscopy is in principle one of the most
pairing interaction, initially thought to be conventional powerful experimental tools to investigate the anisotropy of
electron-phonon couplinty;® is far from being understood. the superconducting gap and to obtain information about the
These compounds show moderate critical temperaflres  pairing mechanisr® We use the same scanning tunneling
tween 6 and 16.5 KRefs. 4 and 5 and very interesting microscopy and spectroscogTM/STS setup as in Ref.
phase diagrams where superconductivity coexists with anti21, where we studied the magnetic TreBC, with an im-
ferromagnetic ordefwhen R is a magnetic rare earttR proved resolution allowing now measurements down to 0.5
=Tm, Er, Ho, Dy. The behaviors observed in the thermal K. We have also characterized other materials with the same
conductivity®”  photoemission  spectroscopy, specific  setup(Al,%?? Pb, and NbS® and demonstrated that this is
heat>'® microwave surface impedanté! and indeed the actual temperature of tip and sample and that we
Raman-scatterirtg experiments of the nonmagnetic Y and do not need any additional pair breaking paramdt@rto
Lu borocarbidegwhich also present the highest critical tem- explain our data. Previous works about the spectroscopy of
peratures of 15.5 and 16.5 K, respectivehow that the borocarbides had a lower resolution in enétdy.%° The
superconducting gap is highly anisotropic. Indirectly, thissample is broken in air on the sample holder of the STM and
could be related to an also anisotropic pairing interaction, butooled down immediately. The resulting surface presents the
no experiment has given an indication of its nature. same topology as for the Tm borocarbide, which consists of

On the other hand, Fermi surface nesting seems to be iaclined planes and bumps, typical of a conchoidal fracture,
general feature of the whole family of borocarbide materialspresenting no clear crystallographic orientattdrSo it is
It produces Kohn anomalies and has directly been observettucial to characterize the superconducting behavior in well-
using angular correlation of electron-positron annihilation ra-differentiated regions of the sample. We use a home made
diation in YNi,B,C and LuNiB,C.**~™Moreover, the anti-  x-y table that gives the possibility to chanigesitu the scan-
ferromagnetic ordering found in the borocarbides with aning window (of 1xX1um?) in an area of X2 mn?. We
magnetic rare earth has a wave vector very close to the nesnieasured three different sample@n three different
ing vector Q=(0.5,0,0) (Refs. 16 and 17(in R=Er, Ho,  cooldown$ of each compound. In the case of LyR}C, all
and Dy; in Tm it appears in a magnetic-field phadéesting  of them were freshly broken pieces of the same single crystal
is generally considered to play against the formation of sgrown by a flux technique described in Ref. 5. The YBIC
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LI [T T T =2[d(w)o’F(w)/w, obtaining the electron-phonon spectral
L LuNi,B,C 1 b LuNi,B,C function, ’F (w), as in Ref. 28this leads to the same result
121- 40 as the conventional inversion procedilfe We get rather
high values between 0.5 and 0.8 in both compounds. On the
other hand, previous estimations using thermodynamic mea-
surements, which take into account the Eliashberg function
at all relevant phonon frequencies, but which do not directly
specify the nature or spectral weight of each mode, have
given values of between 0.75 and 12:*The fact that we
find values ofA smaller but very close to the ones estimated
with thermodynamic measurements means that the structures
in the Eliashberg function associated with higher energy pho-
1 non mode¥'3?are more spread out in energy than the peak
corresponding to the 4-mV phonon mode and fall below our
- ] 20 ] - experimental resolution. It also means that the low-energy
08| - phonon mode measured here is essential in the formation of
5 1 [ —| 1 superconducting correlations.
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06L—ll L olat o onl il The most striking point, however, is that the phononic
g 2 Bi 4 6 v LD LI B'4 6 v density of states at these energies results from a mode having
ias (mV) ias (mV) a wave vector comparable to the nesting vecQr
FIG. 1. (8 Tunneling conductance spectfiaken at 0.5 K and (0.5,0,0.1°% Neutron-scatt_eriqg experiments show indeed
normalized to the conductance value at high bias vojtageere ~ Pronounced Kohn anolrpalléﬁ where the nesting feature
electron-phonon coupling features at high voltages clearly appea®f the Fermi surfac€’ leads to a significant softening,
(b) Histogram counting the number of times we find such a featurévhen decreasing temperature, of the low-lying transverse
(within a sample of a hundred spegtraith the maximum value of phonon branches at wave vectors clos¢0t®,0,0. This be-
the derivative of the conductance at the voltage reported ox the havior results in a strong and highly anisotropic electron-
axis. phonon coupling. Our experiment demonstrates that this an-
isotropic electron-phonon interaction, produced by Fermi
samples came from two different single crystals, one growrsurface nesting, leads to superconducting correlations, hav-
by the same flux technique and the other in an image furing an important contribution to the total electron-phonon
nace. The tunneling conditions were always very good, wittcoupling constank. Correspondingly, we can expect the su-

high valued measured work functions of several eV. perconducting gap to be also highly anisotropic.
Tunneling conductance measurements done with a STM
IIl. RESULTS AND DISCUSSION give the superconducting density of states averaged over part

(but not al) of the Fermi surface, depending on the relative

The tunneling differential conductance,=dl/dV, be-  position of the tip onto the sampféIn most cases we mea-
tween a normal metal and a superconductor gives a direcdure tunneling conductance curves as the ones shown in Fig.
(temperature smeargdheasurement of the superconducting2, where the conductance is zero below 0.8 mV and then
density of states. Therefore data show the eventual presengiecreases up to a peak located at 2.6 mV in Lu and 2.3 mV in
of very low-energy excitations within the superconductingy. These curves cannot be fitted by conventional BCS theory.
gap 2A, and a high quasiparticle peak at voltages close td'he discrepancy with most simple BCS theory is not due to
the gap. But if the measurement is sufficiently precise, ona lifetime smeared BCS density of states, which leads to a
can also try to resolve tiny features at voltages correspondingonzero density of states at low energies, not observed in our
to the sum ofA and the characteristic energy of the Bosonicdata. The situation is clearly very different from the one
excitations leading to superconductivity, in order to obtainfound in the very similar borocarbide material TpR;C,
information about the nature of these excitati6h®©?’We  where the spectra can be fitted by BCS theory. The form of
could indeed observe these features in the tunneling conduthe curves in Fig. 2 shows that the electrons contributing to
tance spectra for the Y and Lu borocarbides. In Fig. 1 wethe tunneling current at this precise location come from parts
show a typical curve together with a histogram where theof the Fermi surface with a continuous distribution of values
number of times that such features are observed is presentefl the superconducting gaf® This reveals that the gap
as a function of the bias voltag¢heir voltage position is function must be anisotropic. Moreover, the spectra in
determined from the maximum of the derivative of the con-(Y,Lu)Ni,B,C remain with the same shape over regions
ductance above the g&F%%). Most of them appear centered much larger than the coherence lengtisually dimensions
at a voltage between 6 and 7 mV. Subtracting the values aibout 200x 200 nnf or bigger whereag=7 nm, Ref. 9,
A, as estimated below, the maxima become centered benaintaining their overall form when we increase the tem-
tween 4 and 5 mV. This is precisely the energy at which gperature, and becoming completely flat at the bulk critical
high peak develops in neutron-scattering experiments due te@mperature. Similar observations have been made in the an-
a low-energy phonon modé:* From our data we can esti- isotropic superconductor Nb§&*3°where the spectra have,
mate the electron-phonon coupling constank qualitatively, the same form.
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L [ [
€ -4 B-?aso(mfl) 4.6 6 4 B-?aso(m\zl) a6 superconducting gafpoints in YNi,B,C. We takeA as the voltage
wheredo(V)/dV is maximum. Lines give the temperature depen-
FIG. 2. Tunneling conductance spectra in the (Buand Y (b) dence of the supercqnducting gap expecteql inBCS theory. The inset
borocarbides at 0.5 K normalized to the conductance value at higfEPresent the variation of/A, (see text with T, for YNi,B,C
bias voltage(tunneling resistance of 2 ). The full lines are fits ~ (Circles and LuNjB,C (crosses (b) Spectra taken at 0.5 K for
to conventional BCS theoryA=2.3 meV). each temperature rJisame color for the straight lines as points in
(@), shifted for clarity. Dashed lines are fits to the BCS theory with
z'misotropy(see text, where, from top to bottomd,=1.1 mV and

On the other hand, although the behavior shown in Fig.
1.3 mV ande=0.32 mV, andA,=1.8 mV and

appears most frequently on the surface, we can also finfi=0-2 MV: A0=
different topographical regions of similar sizes with very dif- e=0.5mV.
ferent spectra, as shown in Fig. 3. There is a clear correspon-
dence between the topography and superconducting density changes in the anisotropy as a function of the Idcal
of states on the surface of the samples. To obtain more quantitative information about this effect
In order to analyze this relationship, we compare in Fig.we have fitted the experiment to a modified BGSvave
4(a) the temperature dependence/gfas estimated from the density of states assuming that the dispersion in the values of
voltage position of the maximum afe/dV, and in Fig. 4b) the superconducting gap can be modeled by a Gaussian dis-
the corresponding tunneling density of states at 0.5 K irtribution centered around, with a width of . A similar
three different locations of YNB,C (the same is observed approach has been previously used in the anisotropic super-
in LUNi,B,C). This shows that the differences in the spectraconductor NbSg® The dashed lines in Fig.(8) give the
found in diverse topographic regiofiBig. 3) are associated best fit to this model. The agreement with the experiment is
with smaller values of the superconducting gap and also auch better in regions with a small€, wheree decreases.
reduced critical temperature. Remarkably, the mean value dfhe inset in Fig. 4a) represents the dependence of the esti-
the superconducting gaps shown in Figg)4ollows well the  mated anisotropy/A, as a function of the measured critical
temperature dependence predicted by simple BCS theotgmperature in several topographical regions of the same
(lines). What is more, the curves corresponding to a smallesamples. Note that these values do not give an indication of
critical temperature in Fig. ®) (top curve approach much the whole distribution of values of the superconducting gap,
better an isotropic BCS-wave behavior than those corre- as a given STM spectrum is a local measurement which
sponding to the bull, (bottom curvé. This must be related probes only part of the Fermi surfateTherefore our data

FIG. 3. Topographigleft) and
STS (right) images at 0.5 K
(YNi,B,C, 310x310 nnf). The
latter figure is indicative of the su-
perconducting density of states as
a function of the position of the
tip on the surfacé!?® The con-
trast is adjusted such that bright
spots correspond te (V) similar
to Fig. 2b), and dark spots to
o(V) similar to the top curve in

Fig. 4(b).
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are in good agreement to previous macroscopic measureulk critical temperatune are measured over the whole

mentsS 124243 surface?’ However, we can state that the surface is analo-
Anisotropic superconductivity is expected to be very sen-gous in all three compounds, because the measured work

sitive to even nonmagnetic defects that rediigeand de- function and the topographical images are similar. This could

crease the anisotrop§.>’ Therefore, in an anisotropic super- be interpreted as an indication that mechanisms inducing an-

conductor, local measurements in topographically differentsotropy in YNi,L,B,C and LUN;B,C are not operating in this

positions on the surface can in principle show different formsborocarbide, or that the intrinsic magnetic disorder already

of the superconducting gap and values of the local criticasmears out homogeneously the anisotropy.

temperature, associated with the presence of defects lying

near the surface or with an irregular topographisotropic IV. SUMMARY

superconductors, by contrast, present BCS spectra and the '

bulk critical temperature over the whole surf&éé?3° In summary, we have studied the tunneling spectroscopy
In (Y,Lu)Ni,B,C we observe a gradual decrease of thein the nonmagnetic borocarbides using high-resolution STM/

local critical temperature down to about half its bulk value STS. We have been able to characterize important micro-

and of the anisotropyfinset of Fig. 4a)] in different loca-  scopic aspects of the superconducting state, which is an an-

tions which also show a different topograpfiig. 3). Our  isotropic swave state, where a significant part of the

measurements show a direct correlation between the loc&lectron-phonon coupling leading to superconducting corre-

depression off ; with a local change of the form of the gap. lations is also highly anisotropic and due to soft phonons.

This also demonstrates that the superconducting gap must Béie demonstration of this interesting mechanism strengthens

highly anisotropic, and it provides an additional test of thethe hope for further discoveries in the area of new high-

nature of the order parameter in these materials. If the arsuperconducting materials.

isotropy is due to @-wave order parameter, the defects tend

to suppress superconductivity altogether and low-energy ex- ACKNOWLEDGMENT
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