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Observation of Electron-Phonon Interaction with Soft Phonons in Superconducting®Ni; B,C
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The point-contact (PC) spectra of the electron-phonon interaction (EPI) in the superconducting
RNi;B,C (R = Ho,Y) compounds reveal strong EPI with low-energy (4—9 meV) phonons, unlike
the case of nonsuperconducting LaBiC. The PC-EPI spectral functions for all three compounds
are determined and lower limits for the EPI interaction paramg&testimated. Besides, an unusual
suppression of the PC-EPI spectral intensity by the external magnetic field was observed for the
superconducting compounds, unlike the nonsuperconducting one. [S0031-9007(97)02299-0]

PACS numbers: 74.70.Ad, 72.10.Di, 73.40.Jn, 74.25.Kc

The recently discovered intermetallic compoundsin line with the recent findings of strong phonon soft-
RNi;B,C (R = rare earthY) show a very rich interplay ening in LUuNyB,C [6]. A recent comparative study
between superconductivity and magnetism with relativelyof the normal-state transport and magnetic properties
high superconducting and magnetic critical temperaturesf nonsuperconducting LaNB,C and superconducting
[1,2]. Their crystal structure resembles that of the high- YNi,B,C (7. = 15.4 K) and HoNyB,C (7. = 8.7 K)
superconductors although electronically they are rathehas revealed new anomalies in their temperature depen-
three-dimensional metals. The magnetic moments oflences which forced the authors to question the phonon-
the Ho ions order ferromagnetically in the basal planemediated pairing mechanism in these compounds [11].
exhibiting just above the Néel temperature (5 K) an In the present point-contact (PC) study, for the first
incommensurate spiral structure along thend ¢ axes time an attempt is made to determine the electron-phonon-
[3-5]. The inelastic neutron scattering reveals low-interaction (EPI) Eliashberg functions for all three com-
temperature softening of low-energy phonon branches ipounds yielding lower limits for the EPI parameter We
the nonmagnetic superconducting LuR}C [6] at about  have found that the strong interaction of conduction elec-
the same reduced wave vectars = 0.55 at which the trons with soft phonons is what distinguishes the EPI in
spin-density wave appears in the magnetic isostructurahe superconducting materials from that in the nonsuper-
compounds. Theoretical calculations show that there isonducting LaNiB,C. The strong suppression of the soft
an essential nesting of the Fermi surface at about this paphonons spectral intensity by the external magnetic field,
ticular wave vector [7]. The fact that the superconductingobserved for both superconducting materials unlike for the
transition temperature of the compounds containing magaonsuperconducting one, proves the tight connection be-
netic rare earth ions are lower than those of nonmagnetitween the electron-phonon interaction and magnetism.
ones indicates that there is significant exchange coupling The point-contact spectroscopy enables one to deter-
between thg electrons and the conduction electrons. Allmine directly the spectral function of the EPI as well
these observations point to the possible strong interactioas the interaction of conduction electrons with other ele-
between magnetic and vibrational degrees of freedommentary excitations in metals [12]. The method consists
in these compounds, determining self consistently the@f measuring the nonlinear current-voltage characteristics
resulting mechanism of Cooper pairing. Similar mixing of of metallic (nontunneling) contacts with a characteristic
various interactions one may expect for the heavy-fermiorsize smaller than the inelastic electron mean free path
and high7, superconductors. lin(T,eV) at a given temperaturé and voltageV. The

Although it was proposed that these compounds falbifferential resistanc&® = dV/dI(V) is directly propor-
into the class of common phonon-mediated supercondudional to the energy-dependent scattering rate of the con-
tors there is disagreement as to which phonons play duction electrons. Unlike the traditional elastic tunneling
major role. Mattheisset al. [8] emphasize the role of spectroscopy of superconductors [13] the measurements
high-energy fw = 106 meV) boronA,, vibrations while  are carried out in the normal state and are equally effec-
Pickett and Singh [9] point on the importance of low- tive for metals both with strong and weak EPI. In case of
energy phonon branches. The first point of view findsa ballistic regime of electron flow between dissimilar elec-
confirmation in the observation of an appreciable boronirodes with strongly different Fermi velocities the second
isotope effect in YNiB,C [10] while the second goes derivative of thel-V characteristic is directly proportional
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to the PC EPI spectral functiogpc (o) = apc(0)F(w)

HONi,B,C

of the metal with the smaller Fermi velocity [12], 4
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The functiongpc(w) is similar to the Eliashberg function et
with e3¢ (w) being the averaged EPI matrix element with
kinematic restrictions imposed by the contact geometry
and F(w) the phonon density of states. The contact
diameterd is determined by the resistance at zero bias
Ry in the normal state via the Sharvin expression [12]. In
case of coppet! = 30//Ro[2] nm, which we shall use 05 05
for further estimates. 00

The investigated HONB,C and YN B,C compounds R e

o

=
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d(InR)/dV [1/V]

were single crystals grown by a M flux-growth tech- 0':_

nique [14] and the polycrystalline LapB,C was made

by arc-melting and subsequent annealing [2]. The point 4l

contacts are made directly in the cryostat between a Cu

or Ag bar and the compounds. For the single crystals we 2}

mostly investigated contacts against the-plane edges, e o a
because this contact orientation gave the best supercon- i L VIV
ducting properties in the point-contact spectra [15]. For 0.0 0.1 0.2
each of the compounds we have recorded spectra with Voltage [V]

either of the counter electrodes with essentia}lly the SaME|G. 1. The second derivative&in R)/dV of the I-V curves
results. During one run many contacts at different site§g = 4v/dI) for contacts ofRNi,B,C (R = Ho,Y) with Cu

of the crystal surface are investigated. Typical contact reand of LaNiB,C with Ag, proportional to the electron-phonon-
sistances are abouit{) corresponding to the contact size interaction spectral functions. The dotted lines stand for the

o : upposed background. The contact parameters and measur-
of about 30 nm. This is of the same order of magmtugiesng conditions are as follow. For HONB,C: R — 2.3 Q,
as the electron mean free path in the starting materlal.H ll ¢) = 0.5 T; for YNi,B,C:R = 166 Q, (H L ¢) =7T:

Thus one may expect the spectroscopic regime of cuffor LaNi,B,C: R = 091 O, H = 0. The insets show the
rent flow [d = min(l;,, v/Iinl.), I being elastic scattering same data for the low bias voltages.
mean free path] not to be violated for the best contacts
studied. Since the diameter of a contact is much smaller
than a crystalline size, also in the case of polycrystallingial spectral intensity between 15 and 19 meV coinciding
LaNi, B,C we probe the spectra of a single crystal thoughwith a flattening of the phonon dispersion curves. The
of unknown orientation. These spectra are reproduciblePC spectrum of Y compound also reveals a soft phonon
A magnetic field up to 10 T can be applied either alongpeak at about the same energy (4 meV). The impor-
theab plane or perpendicular to it. tance of the low-energy part of the EPI spectral function
In Fig. 1 the PC spectra are shown for all three comis strongly emphasized by the fact that the EPI spectrum
pounds in the normal state (by applying the requisite magef LaNi,B,C does not exhibit 4 and 9 meV soft phonon
netic field at 4.2 K). The experimental data are almosinodes. The observation of these features in the electron-
symmetric with respect to the applied bias voltage. Thephonon-interaction spectra of the superconducting com-
contacts chosen for Fig. 1 belong to the best according tpounds, unlike the nonsuperconducting LaBiC, could
the following criteria. First, th& (V) curves in the super- be connected with differences in the electronic structure
conducting state reveal the expected Andreev-reflectiobetween members of the same homological row, such as
structure evidencing that the PC spectra refer to the supethe nesting of the Fermi surface mentioned above.
conducting phase of the material under the contact [15]. Because of the crystal field effects which force the Ho
Second, the spectra shown correspond to the smallestagnetic moments to lay in th@b) plane [16], a field
overall increase of the differential resistance (of about ariented along thdab) plane influences the HohB,C
few tens of %), while the phonon-related structure remaingnagnetic structure much more than that parallel to the
clearly discernible from the monotonically rising back- ¢ axis. We have observed a strong suppression of the
ground. The PC spectrum of Hof¥i,C (Fig. 1) exhibits low-energy phonon structure in the PC spectra by the field
strong peaks at about 4 and 9 meV corresponding to thef the order of a few tesla oriented parallel to tfb)
maxima of the soft phonon density of states expected fromplane [Fig. 2(a)]. At higher fields, the remaining shal-
the dispersion curves observed in LuB}C by neutron low maxima in thed(InR)/dV (V) curves are almost field
scattering at low temperatures [6]. There is also an esseimdependent andocated at the same voltage positions.
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2 - to the observation of the most intense low-energy phonon

structure achievable in our experiments. The PC spec-
tra of LaNpB,C are essentially independent on magnetic
field [Fig. 2(c)].

The spectra of all three compounds have a similar
background which increases linearly with voltage with a
saturating behavior for voltages above about 100 mV as
shown by the dotted lines in Fig. 1. The spectroscopic
0 condition [ = min(/i,,/linl.] is probably not fulfilled
at about 100 meV leading to a not well resolved high-
energy boron vibrational mode in our spectra. Some of
the spectra taken on HoMB,C with the contact axis
8 oriented parallel to the direction show a wide maximum

around 100 meV corresponding to the thermal regime

[18], without any traces of superconductivity and low-

energy EPI peaks. However, for the HgRLC spectrum

in Fig. 1, any structure around 100 meV is absent with
0 the presence of superconductivity in the contact area as

v
0 \/\’\,\/-
o . . .
revealed by the Andreev-reflection signal in the spectra.

i
9T
b
20 4
From these observations the high-frequency boron mode
1 He0 . ] seems to be not vitally important for superconductivity.
" The linear background signal at small energies cannot
¥ ] be described by the additional electron scattering on
0 \,/ the nonequilibrium distribution of generated phonons
(c)

leading to the usually observed energy integral of the
phonon spectrum for the background. The low-energy
background could be a signature of the importance of
electron-electron scattering processes due to the exchange
interaction in these materials.
FIG. 2. Magnetic-field dependences of PC spectra with low- Using Eq. (1) and subtracting the background we obtain
energy phonons: (a) HohB,C-Ag contact,R = 0.62 Q; (b)  the PC EPI spectral functiongpc(w) shown in Fig. 3
YNi>B,C-Cu contact® = 16.6 Q; H || (ab). (c) LaNbB>C-  [19]. The integration of the curves in Fig. 3 gives
Cu contact,R = 2.08 ). T =42 K. Curves shifted verti- PC EP| parameterso. — 2f (0)dw/ Previous
cally by —0.5 with respect to each other. ! parar PC = =] gpClW/dW/W.
experience with conventional superconductors has shown
that in the case of large-Fermi-surface metajs = A,
The persistence of this spectral structure at higher fielde/hereA is the electron-phonon interaction parameter used
proves that the observed structure is not due to the in-
teraction with magnons since at high fields the magnetic
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order is destroyed. Surprisingly, in nominally nonmag- ,
netic YN B,C we also observe the field dependence for 2 HoNiB,C
the intensity of the softest~4 meV) phonon peak for 1

fields higher than the upper critical field.,(0) = 5-6 T

[Fig. 2(b)]. This may point to the possibility that a mag- 8 o

netic field will destroy the nesting feature that gives rise to x 10 YNi,B,C
the phonon softening. The rather complicated magnetic- 2

field dependence of PC spectra is unusual for the EPI 005

and shows the tight interaction between the vibrational 2 NP
and magnetic degrees of freedom. Taking advantage of by LaNLB.C
the fact that the field oriented parallel to theaxis in 0 i
HoNi, B,C does not disturb the magnetic structure much,

we used as small fieldf ¢ as only needed to suppress su- 03

perconductivity in HONiB,C. For YNi,B,C, we applied 0.0

the smallest requisite fields perpendicular to thdirec- 0.00 0.05 o.10
tion. There is no reason to expect magnetic anisotropy in Voltage [V]

this material [17]'_35 ?'SO supported by'(.)ur experiment§|G. 3. Point-contact spectral functiogsc of the electron-
on other crystal directions. These conditions corresponghonon interaction in HoNB,C, YNi,B,C, and LaNiB,C.
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