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Inelastic neutron scattering measurements were performed on large vohkram’) single crystals
of ''B substituted intermetallic superconductor ¥NB,C. With decreasing temperature, a gradual
softening of a phonon spectrum is observed at aragand (0.525,0, 8), similar to the case of LUNB,C
reported by Dervenagast al. [Phys. Rev. B52, R9839 (1995)]. In addition, we discovered that an
intense new peak appears beldw= 14.2 K. With application of magnetic field, however, it is easily
suppressed and disappears y= H., (~4.7 T atT = 5.5 K). These results strongly indicate that
this new peak is undoubtedly associated with its superconducting state. [S0031-9007(96)01653-5]

PACS numbers: 74.25.Kc, 74.72.Ny

The newly discovered borocarbide intermetallic superteflects a feature of strong nesting of the Fermi surface in
conductors RETWB,C (RE = Y and Lanthanoid, TM=  these compounds. Accordingly, the softening of phonon
Ni, Pd, Pt) [1] exhibit a number of attracting properties spectra observed in LUhB,C was interpreted as a Kohn
for a study of superconductivity due to their relatively anomaly.
high superconducting transition temperatufésand due Recently one of us (H. T.) succeeded in growing a large
to the competition between superconductivity and magsingle crystal of a family of RETB,C by a floating
netism [2,3]. In contrast to the high. cuprate super- zone method which has a sufficiently large size for
conductors, recent intensive studies on the borocarbideeutron inelastic measurements, and this success enabled
superconductors have revealed that the superconductivitys to perform a systematic study of inelastic responses in a
of this family is three dimensional rather than two di- family of RETM,B,C. As a first step, we have performed
mensional despite a RE-C and,MN8, layered structure an intensive study of inelastic responses in ¥N\8,C.

[4]. Band calculations suggest their superconductivity isVe have confirmed that a gradual phonon softening
a conventional BCS superconductivity mediated by thealso occurs in YNi''B,C below room temperature.
electron-phonon couplings [5]. A relatively sméi]., ac-  Surprisingly, however, we have discovered that a sharp
tivated intensive experimental studies on voltex lattice [6].new peak grows below. in a narrowQ region at around

Despite these attractive features of this family, thereQ = (0.525,0,8) andE = 4.0 meV. Applying magnetic
are some drawbacks for a neutron inelastic scatterinfield, this new peak disappears ... Although the
study. Most of the measurements on REBJC so origin of the peak is unclear at the moment, this peak is
far have been performed on the arc-melted polycryseonclusively attributed to its superconducting state.
talline samples due to the difficulty of growing a large To avoid strong absorption due t8B, ''B-isotope-
single crystal. Although some groups have succeeded ianriched (99 at.% up) large single crystals YNB,C
making single crystals by flux method, those are a fewof 7 mm? X 100 mm in size were grown for the present
mm in linear dimension. Dervenagesal. have success- neutron scattering experiments. Detailed procedure of
fully performed inelastic neutron scattering measurementthe crystal growth was reported by Takegt al. [13].
by aligning two LuN;B,C single crystals ofs X 5 X  The orientation of the crystal was determined by a
0.5 mm?’ in size, and revealed that phonon branches med-aue method, and the sample ingot was cut into pieces
sured along the [100] direction from (008) exhibit con-of 30 mm in length. The superconducting transition
tinuous softening near the zone-boundary pdintfrom  temperature of the obtained single crystals was deter-
room temperature [7]. At around the same wave vecmined to be 14.2 K (midpoint) with the transition width
tor, calculations on electron susceptibility indicate that theof 0.5 K by magnetization measurements.
electron susceptibilities in these compounds show a lo- Inelastic neutron scattering measurements were per-
cal maximum [8]. It is also reported that the compoundsformed with the triple axis spectrometer GPTAS (4G)
with magnetic rare-earth ions such as HegBiC [9,10] installed in the JRR-3M at JAERI, Tokai. The spec-
and ErNpB,C [11,12] exhibit incommensurate magnetic trometer was operated in a constéantmode withk, =
phases with similar incommensurate vecigralong the 3.825 A~!, and pyrolytic graphite crystals were utilized as
[100] direction, i.e.,q, = 0.585a" for HoNi,B,C and monochromator and analyzer. Collimatorstof-40'-40’-
qa = 0.553a" for ErNi,B,C, respectively. This behavior 40" or 20’-20’-20’-20" were placed at standard positions
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from inpile to detector. YNi''B,C has a body centered consists of two components in the superconducting phase.
tetragonal structure (space groug'ndmm), consisting of We also note that the Lu compound the acoustic and opti-
alternative stacking of RE-C and NB, layers along the cal branches a@ ~ (0.5, 0.8) yield peaks at-4 meV and
¢ axis [14]. Three single crystals were oriented within~9 meV at 10 K, whereas in the Y compound, we ob-
~0.1 degree with their [010] axes vertical to the scat-served that the optical branch yields a peak-dad meV
tering plane, and phonons which propagate to the [100j the superconducting phase.
direction with polarization vector [001] were measured in  To further examine the behavior of two components
the (h,0,1) zone. For the magnetic field experiments, ain the profile, the temperature dependence of each com-
conventional superconducting magnet was utilized to proponent was observed & = (0.525,0,8), E = 4.0, and
duce a vertical field ob < H = 6.0 T perpendicular to 7.0 meV, respectively. As shown in Fig. 2, the intensity
the scattering plane and parallel to the [010] axis. Theof the new peak at 4.0 meV shows a clear onsé&t.aand
sample temperature ranging from 1.6 to 350 K was conits temperature dependence is akin to the order parame-
trolled within accuracy of 0.1 degree. ter of superconductivity. In contrast, the spectral weight
The temperature dependences of the phonon speof the soft phonon component observed at 7 meV shows
tra observed ap = (0.5,0,8) (T > 152 K) and Q =  a slight decrease beloW,, but substantial intensity re-
(0.55,0,8) (T < 15.2 K) are shown in Fig. 1. A grad- mains down to~2.5 K, supporting the two-peak structure
ual softening was observed from room temperature tof the spectral shape. One might suspect that the new
T ~ 30 K (upper panel), as was reported in Ref. [7] peak grows by absorbing the spectral weight from the
for the Lu compound, in which this softening was in- above-lying soft phonon mode, and we shall demonstrate
terpreted as a Kohn anomaly due to strong nesting othat it is indeed the case because the sum of integrated in-
the Fermi surface. However, the peak position showsensity of the new peak and the soft phonon is conserved
no shift below ~30 K, and the profiles at 30 and as shown later.
15.2 K are essentially identical. As shown in the lower If this new component truly reflects the superconduct-
panel, on the other hand, we found that a new pealng state in the YNi''B,C sample, the magnetic field can
emerges at-4.75 meV with further decreasing tempera- suppress it abové&,.; and should wipe it out abovH .
ture belowT.. Note that there is considerable intensity Two critical fields in our samples are determined to be
at ~7 meV even at 7.5 K, indicating that the spectrumH,; ~ 0.018 T and H., ~ 4.7 T at 5.5 K, respectively.
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The field dependence of the phonon spectra observed at
0 = (0.55,0,8) is shown in Fig. 3. With application of

S T ' ‘ magnetic field, the intense peak&At= 4.75 meV broad-
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g 200F 40'-40'Tj‘1);4§'K m ] ers the profile observed in the normal state at 15.2 K (See
S E—o—kgg'ﬁ ] Fig. 1). Note that at 2.0 T, one can clearly recognize
2 150 o 7-i00K ] two peaks in the profile, further supporting our identifica-
g T 00K g tion of the two-peak structure of the spectral shape. We
Z 100f also measured the field dependence of the peak intensity
8 ¥ at O = (0.55,0,8) with E = 4.75 meV. The result was
= sof shown in Fig. 4. The peak intensity shows a continuous
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FIG. 1. Temperature dependence of phonon profiles.
panel:T > T, andQ = (0.5,0,8). Lower panel:T < T. and
0 = (0.55,0,8).

UppeFIG. 2. Temperature dependence of inelastic scattering inten-
sity at (0.525, 0, 8). Filled and open symbols indicate the
intensity atE = 4.0 and 7.0 meV, respectively.
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close to those of the integrated intensity of the soft phonon

_ YNi ,118,C at 15.2 K in the normal state (open triangles). The lower
o0 | (05508 panels (b) and (c) show the and H dependences of
[ 40-40-40"-40' the two components observed @at= 0.55, respectively.

Clearly the sum of the integrated intensity of the two
components is conserved throughout the variatiofi of
[ y : » . H, indicating that the new peak is intimately related with
00 ey e ] the above-lying soft phonon mode.

C - ovogagaa. | We also found that the energy of the new peak is
] very close to the superconducting gap which can be
estimated from BCS theory @\ = 3.5kgT. (~4.3 meV
for T. = 14.2 K) for a weakly-coupled superconductor.
To examine the relation of the BCS gap and the energy
of the new peak, we have measured thaelependence
of the peak position of the new peak@t= (0.525,0, 8)
(not shown). We found, however, that the obserZed

disappears byl.,. We conclude from these observationsOIeFJendence of the pgak_ ppsition Is _weaker fcha_n that of
that the new peak should be attributed to the supercor{—he BCS gap. Other_lntrlgumg experimental f!rl_dlngs are
ducting state in YNi''B,C. that the new peak |s.strongest at the po§|t|on which

From constan® and constang scans, we mapped out corresponds_tp the nesting vector of th_e Eerml s_urface, and
the distribution of the new peak, and established that th‘Ehat the position of the new peak coincides with that of
new peak appears in a narraw region of Q = (¢,0,8)
with 0.4 < ¢ < 0.7. It is almost resolution limited in
energy, and exhibits a weak dispersion with the range of
4.0 < E < 7.0 meV. By a survey of equivalent positions
in Q space, we identified that this peak has a phonon
origin with polarization vector parallel to the [001] axis
and with a propagation vector [100].

To further check the nature of the new peak, we
examined the integrated intensities of the new peak and
of the above-lying soft phonon mode as a functiongof
T, andH, after correcting the thermal occupation factor.
The upper panel (a) in Fig. 5 shows thelependence of
the two components & = 1.6 and 15.2 K for0.475 =
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FIG. 3. Field dependence of the profiles measured) at
(0.55,0,8). Solid lines are guides for the eye.
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soft phonon, respectively. The data were analyzed after the
occupation factor correction. The circle, square, and triangle
FIG. 4. Field dependence of the peak intensity observedgymbols indicate the integrated intensity of the new peak,
at 0 = (0.55,0,8) and E = 4.75 meV. The arrows indi- the soft phonon, and the sum of two peaks, respectively.
cate the critical magnetic field/.,, and H., determined by The curves are drawn for guides to the eye. For the field
magnetization measurements. A solid curve is a guide fodependence, the data at 6.0 T were recorded with a slightly
the eye. different spectrometer setting.
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the Kohn-type phonon anomaly observed ab@ye We  feel that aforementioned theory can be a good candidate
believe that these coincidences cannot be accidental, afior the present case provided that the Kohn anomaly-
that these factors are essential to elucidate the mechanismduced soft mode can play an identical role with the

of the new excitation in YNi'!B,C reported here. CDW-induced phonon mode in the case2éf-NbSe.

The phonon frequency and the lifetime are expected to In conclusion, inelastic neutron scattering measure-
be strongly influenced by superconductivity through thements on!'B substituted YNi''B,C were performed
phonon self-energy effects [15]. In the weak-couplingwith high quality large single crystals. Belo#., a new
case, one expects a narrowing of the width and &harp excitation with phonon character appears at around
decrease of the peak frequency for the phonons witlp = (0.525,0,8) and E = 4.0 meV. The temperature
frequency lower than the superconducting gap energyjependence of the new peak is similar to the supercon-
while an increase of the peak frequency for those withducting order parameter, and the peak grows by absorbing
higher frequency. One of well-known results on thethe spectral weight of the above-lying soft phonon mode.
phonon softening in the conventional superconductors i$his new peak is gradually suppressed by magnetic field
an inelastic neutron study on MNBn [16]. For one of and vanishes abovH.,. These results establish that the
High T. cuprate superconductors YBasO;, similar new peak is related with the superconducting state and
anomalies in phonon spectra have been also reportesiith the above-lying soft phonon mode in YNIB,C.
recently [17]. Compared with these results, however, we We are grateful to Dr. C. M. Varma and Dr. J. Zaanen
find that the two-peak structure of the phonon spectrum irfior pointing out works or2 H-NbSe and the phonon self-
the YNi,!'B,C sample is qualitatively different. energy theory. This work was supported by the Special

On the other hand, we learned that a similar peakResearcher’'s Basic Science Program (RIKEN) and by the
was observed by Raman scattering measurements inimterdisciplinary research program named “Shosai-Kiso
charge density wave (CDW) superconductal-NbSe  Kenkyu” under the Science and Technology Agency.
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