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Abstract

Ž .The electron–quasiparticle interaction EQI spectral function has been measured for DyNi B C in the normal state at2 2
Ž .low temperatures by means of point-contact spectroscopy PCS . A low-frequency peak is found around eV;5 meV. It

becomes measurable at T ),15 K and grows in intensity with constant width as the temperature is lowered. We argue thatm

this peak arises from the strong interaction of conduction electron with coupled crystal–electric-field–phonon excitations
whose branches cross at low energy. The comparison with PC spectra for HoNi B C suggests that a similar peak also exists2 2

for this compound. The magnitude of the point-contact EQI parameter l for DyNi B C is estimated. q 2000 ElsevierPC 2 2

Science B.V. All rights reserved.
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1. Introduction

Among the RNi B C-family of magnetic super-2 2
Ž .conductors R is Tm, Ho, Er, or Dy , DyNi B C is2 2

the only material whose superconducting transition
temperature T s6.2 K is well below its Neel transi-c

tion temperature T s10.5 K. In the absence of anN

applied magnetic field, it behaves as a conventional
w xsuperconductor 1 due to the commensurate antifer-

Ž .romagnetic AFM order, although perhaps with a
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Ž .E-mail address: yanson@ilt.kharkov.ua I.K. Yanson .
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degree of anisotropy in the superconducting energy
gap. Besides the averaged superconducting energy
gap which satisfies the BCS relation, de Haas–van
Alphen measurements have found a small supercon-
ducting gap on part of the Fermi surface of YNi B C2 2

w xwhich is a nonmagnetic analogue of DyNi B C 2 .2 2

As the other RNi B C, DyNi B C has the body-2 2 2 2
w xcentered tetragonal crystal structure 3 and its Fermi

surface possesses strong nesting for wave vectors in
w xthe a-direction 4 which for the Y- and LuNi B C2 2

Ž .has the value 0.45,0,0 . Nevertheless, unlike the Er-
and Ho-compounds2, in DyNi B C no magnetic or-2 2

w xdering along a-direction is observed 3 .

2 In Ho-compound, an a modulation only exists over a very
small temperature range.
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The electron–phonon interaction in this group of
materials is quite strong and anisotropic which is
demonstrated by a softening of the low frequency
phonon modes with decreasing the temperature, lead-
ing to the appearance of a new narrow phonon line at
about 4 meV in nonmagnetic Y- and Lu-compounds

w xat T-T 5,6 . In spite of previous suggestionsc
Žabout the vital importance of high frequency 100

.meV boron mode for mediating Cooper pairing, it
w xwas shown 7–10 that the low frequency phonon

Ž .modes 4–15 meV are more important for the su-
perconductivity mechanism. Especially interesting is
the lowest-lying phonon mode at several meV whose
intensity is strongly temperature- and magnetic
field-dependent. In Y- and Lu-compounds, this mode
appears to correlate with the superconducting transi-

w x w xtion 5,11,12 . Although in Refs. 7–9 the remanent
of this mode in YNi B C was observed in PC2 2

spectra without any traces of superconducting energy
gap3, it could also be ascribed to superconductivity
which was not completely destroyed at fields not far
from H .c2

At low energies the crystal electric field excita-
Ž .tions CEF are observed in magnetic RNi B C. In2 2

Ho-compound they are studied by fitting the temper-
ature-dependent magnetic susceptibility of single-

w xcrystal 13 , and in Ho-, Er-, and Tm-compounds by
w xinelastic neutron scattering 14 . Their energies

amount several meV, and the conduction electrons
interact with them strongly.

In the present work, we find that a similar strong
and narrow peak in the electron–quasiparticle inter-

Ž .action EQI at about few meV arises for the Dy-
Ž .compound ,5 meV , starting at a temperature as

high as 15 K, which is far above the superconducting
transition. This peak presumably has a common ori-
gin with CEF excitations and magnetic ordering in
this compound. In HoNi B C, at the temperature2 2

also higher than the transition to the magnetic and
Žsuperconducting states, a similar peak occurs ,12

. w xK 8 , whose intensity is strongly dependent on
magnetic field. Hence, we see that not only the
interaction with superconducting order leads to the

3 That is why its appearance was ascribed to the normal state
w x7–9 .

appearance of strong and narrow phonon mode in the
EQI function, but that a same effect may occur from
an interaction with the magnetic correlations. The
cause for the two may be the strong interaction of
conduction electrons with CEF and phonon branches
of quasiparticle excitations.

2. Method

Ž .Point-contact spectroscopy PCS involves studies
of nonlinearities in the current–voltage character-
istics of metallic constrictions with characteristic size
d smaller that the inelastic electron mean free path
l . At low temperatures, the voltage dependence ofin

Ž .the differential resistance RsdVrd I V of a ballis-
tic point contact reflects the energy-dependence of
the scattering cross-section of the conduction elec-
trons off any energy dependent scatterers. Conse-

w 2 2Ž .quently, the point-contact spectra d Vrd I V
xdependences are proportional to the EQI spectral

function. In the case of point contacts between dis-
similar metals with very different Fermi velocities
Õ , only the spectrum of the material with smaller ÕF F

w xis seen 15 :

dln R 4 ed
V s g v T,0 . 1Ž . Ž . Ž . Ž .PC " vseVdV 3 "ÕF

Ž . 2 Ž .The function g v sa F v is similar toPC PC
2 Ž .the Eliashberg function. a F v is the averagedPC

EQI matrix element with kinematic restrictions im-
Ž .posed by the contact geometry and F v is the

Ž .quasiparticle i.e. phonon density of states. If the
movement of charge carriers through the contact is

Ž .diffusive l <d , then the contact size d in formulae
Ž .1 should be replaced by the elastic mean free path
l provided the spectroscopic condition is fulfilled:e

dF l l . 2Ž .( e in

The contact diameter d is determined by the
normal-state resistance at zero bias R via the0

Sharvin expression in the ballistic regime. Our con-
tacts are made between single crystal DyNi B C,2 2

nominally within the ab plane, and Ag. In the case
homocontact made of Ag d,27r R nm, while( 0

for RNi B C d,24r R nm. Here we take for(2 2 0
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Ž .DyNi B C as for the Lu-compound N 0 s4.82 2
w x 7statesreV unit cell and Õ s3.6=10 cmrs forF

3 2 Ž . w xr ls re N 0 16 . For contacts with dissimilar2

electrodes, DyNi B C–Ag, we shall use d,25.5r2 2

R nm for further estimates since indirect evidence( 0

points to ballistic electron flow.
In the spectroscopic regime no heating of the

contact occurs. However, if the contact size is large
compared with the electron energy-relaxation length,
then there is local heating with the maximum tem-
perature T given by the Kohlraush relation:0

V 2 s4L T 2yT 2 3Ž .Ž .0

for an applied voltage V across the contact at the
bath temperature T. For a typical Lorentz number L
in the thermal regime the Einstein oscillator "v0

looks like a smeared step with a flat maximum at
w xeVs1.09"v in the PC EQI spectrum 8 . The0

thermal feature in the PC spectra can be quite sharp
if a phase transition occurs at a particular tempera-
ture T , which leads to the jump-like increase in them

temperature-dependent contribution to the resistivity.
Such a situation holds in the HoNi B C contacts due2 2

w xto the magnetic transition 8 , and, as we shall see
below, in DyNi B C as well.2 2

In the experiment we recorded the second deriva-
tive signal V vs. the bias voltage V. Knowing the2

modulation signal V and contact resistance R one1 0
w xcan write the expressions 15 :

22d V R0'V ,2 2 V V andŽ . Ž .22 ž /Vd I 1

dln R V VŽ .2's2 2 4Ž .2dV VŽ .1

w xwhere V , V in V are the first and second harmon-1 2
Ž .ics of the modulation signal rms , and R is differen-

w xtial resistance in V . R stands for resistance at zero0

bias.
Unfortunately, the application of a magnetic field

mechanically destroys the contact, probably because
of large magnetostriction. This effect hinders the
study of the influence of magnetic field on the PC
spectra.

For a detailed investigation we choose contacts
which show clear evidence of a superconducting

w xphase on the surface of DyNi B C single crystal 1 .2 2
Ž .This is indicated by a double minimum in the R V

curve due to Andreev reflection at T<T whenc
Ž .fitting to the Blonder–Tinkham–Klapwijk BTK

w xprocedure 17 . Such a fit yields the superconducting
Ž .energy gap D DyNi B C ,1 meV and critical0 2 2

Ž Ž ..temperature about 6.2 K see Fig. 1 a . Since the
superconducting phase is extremely sensitive to com-
position and crystal structure, it gives us evidence
that the material under the contact is intact. The

Ž .small compared to the energy gap value of G

stands for the depairing interaction inside the contact

Ž .Fig. 1. a Differential resistance of the DyNi B C–Ag contact2 2
Ž . Ž . Ž .dots R s21.7 V with the BTK-fit solid line with parame-0

Ž .ters Ds1.14 meV, Zs0.40, G s0.24 meV. T s1.75 K. b
Odd part of the point-contact spectra for two DyNi B C contacts2 2

Žin the normal state with R s21.7 V, V s1.6 mV solid line,0 1,0
Ž .. Žthe same contact as in a and 2.5 V, V s0.88 mV dashed1,0

.line , respectively. T s1.72 K, Hs0.91 T. Everywhere in the
paper the field is applied nominally within ab plane.



( )I.K. Yanson et al.rPhysica C 334 2000 152–162 155

and does not influence the value of the superconduct-
ing energy gap.

The PCS spectrum of these junctions in the super-
conducting state should not contain sharp peaks in

Ž .the first derivative R V which look like an N-type
Ž .singularity in the PC spectra V V and whose posi-2

tion on a voltage scale strongly depends on the
junction resistance. This singularity points to the
nonequilibrium destruction of superconductivity due
to heating or an excess concentration of normal
quasiparticles. In the normal state, at magnetic fields

Ž . w xgreater than H 0 ;0.7 T 18 , the positions of thec2

spectral peaks also should not depend upon the
contact resistance except the possible change in
shape. The shape of the peak can alter between
normal Gaussian peaks, as in any PC spectra, and
N-type feature which is equivalent to the maximum

Ž .in R V . The positions of this N-type feature de-
pends on the destruction of AFM order and, conse-
quently, to the step-like change in resistivity at this
particular bias. An example of such spectra are

Ž .plotted in Fig. 1 b where the contact with resistance
of 22 V shows the conventional peak shape while
that of Rs2.5 V transforms to the N-shape form
Ž .which is equivalent to the maximum in dVrd I
located at approximately the same bias voltage of
about 5 meV. The latter is due to the ‘‘quasi-ther-

w xmal’’ regime discussed in Ref. 18 for Ho-com-
pound. Namely, due to a strong phonon–magnon
interaction the effective boson subsystem tempera-
ture increases up to the magnetic transition which
leads to the step-like increase in resistivity of the
metal under the contact and consequently to a N-type
singularity in the PC spectra.

Normally, the PCS spectra are approximately odd
with respect to applied voltage. To show this, we

Žpresent the spectra swept from yV to qV seemax max
. Ž .Figs. 2 and 4 . If there is some small asymmetry,

we plot the odd part of second harmonic:

1V s V V yV yV . 5Ž . Ž . Ž .2,odd 2 22

These PC spectra contain a smoothly rising back-
ground. For a high-resistance junction the back-

Ž Ž .ground can be quite low see Fig. 1 b for the contact
.with Rs22 V , while for low-ohmic junctions it

becomes a large percentage of the signal, especially

at high biases. For simplicity, we approximate the
Žbackground by a straight line shown, for example,

.in Fig. 2 by a dashed line in analogy with previous
work on similar contacts for YNi B C and2 2

Ž w x.HoNi B C see Ref. 8 .2 2

3. Results

3.1. Determination of lP C

One of the best quality PC spectra for DyNi -2

B C–Ag contacts is shown in Fig. 2. Large intensity2
Ž .low-lying peaks in V V are clearly seen at biases2

5–15 meV. In addition, there are flat maxima at 25,
45, 55 meV which can be more clearly seen by
subtracting the linear background. This is done in the

Ž .upper inset of Fig. 2. g eV can be estimated fromPC
Ž . Ž . Ž . w xV V using Eqs. 1 and 4 . According to Ref. 10 ,2

the phonon spectrum for RNi B C should stretch to2 2

160 meV with boron A modes located at ,1001 g
w xmeV. In theoretical study, Ref. 19 , this mode is

considered as a primary source for the Cooper pair
interaction. The PC spectra of EQI of DyNi B C2 2
Ž .see Fig. 2 as well as those for YNi B C,2 2

w xHoNi B C, and LaNi B C 7–9 saturate at biases2 2 2 2

of the order of 100 meV which point to a consider-
able electron–phonon interaction at this energy.
Nevertheless, no differences were observed between

Ž .superconducting YNi B C and HoNi B C and2 2 2 2
Ž .nonsuperconducting LaNi B C compounds at bi-2 2

ases ,100 meV, while large differences were found
w xat lower energies. The authors of Ref. 10 come to a

similar conclusion by comparing neutron spectra of
phonons for superconducting and nonsuperconduct-
ing pseudoquaternary compounds of the form
Ž .Y Ni Co B C. Indeed, the electron–phonon-in-1yx x 2 2

teraction parameter is equal:

`

l s2 g reV d eV 6Ž . Ž . Ž .HPC PC
0

and in order to have a comparable influence to the
strong peaks at about 5–10 meV, the high-frequency
boron peak should be at least an order of magnitude
more intense. This is not the case as seen from the
lower inset of Fig. 2 which plots the g reV-func-PC
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Ž .Fig. 2. Point-contact spectrum V -second harmonic of modulation signal of DyNi B C–Ag contact with R s27 V, V s0.587 mV,2 2 2 0 1,0

Ts1.83 K, Hs0.65 T. The dashed straight line indicates the supposed background. The upper inset plots the spectrum minus background
Ž Ž .. Ž Ž ..in units of g see Eq. 1 . The lower inset shows the function g reV which enters into the integral for l Eq. 6 . This contactPC PC PC

Ž Ž ..shows the maximum value of l s0.85 calculated for a clean orifice model see Eq. 1 .PC

tion. An estimate of l gives for the junction ofPC

Fig. 2 the value of 0.854 which is the highest value
measured in our experiments. One should be cau-
tious with estimates of l . It can be greater thanPC

the true electron–phonon-interaction parameter if
some ‘‘quasi-thermal’’ processes are involved, due
to the destruction of magnetic andror superconduct-
ing order. On the other hand, l , determined usingPC

Ž . w xformula 1 for the ballistic regime 15 , can also be
substantially smaller than the true value, because of
the above-mentioned diffusive motion of charge car-
riers through the contact. In the present example
Ž .Fig. 2 , the possible ‘‘undershooting’’ of the spec-

4 w xIn the review 9 , where the same DyNi B C–Ag contact was2 2

considered, an extra factor of 2 mistakenly was not taken into
account in the estimation of l .PC

trum at eVs20 meV may hint that a ‘‘quasi-ther-
mal’’ model is appropriate. More typical is the spec-
trum shown in Fig. 3, where no ‘‘undershooting’’
occurs explicitly. For an approximate estimation of
l , the bias range up to the highest phonon energyPC
Ž .160 meV does not matter, since we have seen from
the lower inset of Fig. 2 that the higher-bias phonon
structure does not influence the magnitude of the

Ž .integral Eq. 6 . Here, the value of l is equal toPC

0.23 which is a more typical magnitude for a number
of the observed PC spectra of DyNi B C. To com-2 2

pare the typical length scales, for contacts with
Ž .Rs27 21.5 V, the Sharvin formula gives the diam-

Ž .eter ds4.9 5.5 nm while the electron mean free
path at TGT for DyNi B C, according to Ref.c 2 2
w x16 , equals 19.5 nm within the ab plane for the best
single crystal. Since we are not quite sure that the
mean free path under the contact equals the value
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above, we can only assume that the regime of current
flow corresponds to the ballistic flow.

3.2. Temperature dependence of the lowest-lying peak

The central result of this work is the pronounced
temperature dependence of the lowest-lying peak in

Ž . w xthe EQI function of DyNi B C Fig. 4 . In Ref. 8 it2 2

was already noticed that the lowest-lying peak in
HoNi B C appeared at a temperature of ;12 K,2 2

i.e. higher than the superconducting transition tem-
Ž .perature 8.5 K and incommensurate spin–wave-

Žtransition temperature along the c-axis also about

Ž . Ž . Ž .Fig. 3. Odd part of the PC spectrum a , g eV b andPC
Ž . Ž .g eV reV c functions for typical high-ohmic contact,PC

Ž .DyNi B C–Ag. R s21.5 V ds5.4 nm , V s1.19 mV,2 2 0 1,0

T s1.72 K and Hs0.91 T. l s0.23 for the model of cleanPC
Ž .orifice Eq. 1 . All the peaks have a Gaussian form without

‘‘undershooting’’. The background is supposed to be the dotted
straight line shown on the upper panel.

Fig. 4. The central result of the paper: The temperature depen-
dence of the PC spectra in the normal state for the contact
DyNi B C–Ag with R s4.8 V, V s0.76 mV. T s6, 7, 9, 112 2 0 1,0

and 15 K for different curves, respectively. For the intensity of the
lowest-lying peak, either the area or the height separately, defined
as is shown in the upper inset for T s6 K, are used. The lower
inset displays the temperature dependence of these parameters
Ž .squares — area, dots — heights normalized at T s7 K. Three
more pairs of dots are added corresponding to the normal state
spectra of the contact whose characteristic is shown in Fig. 5.
Note the onset temperature of T ) s15–16 K which is substan-m

tially higher than T s10.5 K. All the curves are taken at zeroN

magnetic field.

. 58.5 K . Unlike the phonon structure at biases 10–25
meV, which is almost independent on temperature in

ŽFig. 4 besides some loss of clarity due to thermal
.smearing , the peak at 5 meV strongly depends on

temperature. If we define its height and area as
shown in the upper inset of Fig. 4, then its intensity
I, determined by both these two quantities, follows
the line shown in the lower inset of Fig. 4. This
shows that its width is almost independent of tem-
perature. The peak position shifts to somewhat lower
values with increasing temperature similarly to the

w x Žlowest-lying peak in Ho-compound 8 see, also,
.Fig. 8 . We note that similar width and position were

5 This coincidence of transition temperature for both types of
long–range orders hinders their separation through the Andreev-

w xreflection measurements in Ref. 20 .
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Fig. 5. The temperature dependence of PC spectra for another
DyNi B C–Ag contact including the spectrum in the supercon-2 2

Ž .ducting state T s3.7 K, shown with a straight line . Note the
strong nonlinearities near zero-bias caused by the superconducting
energy gap. For higher biases, these nonlinearities tend to the
background which is schematically drawn with a thick dotted
curve only for positive biases. It is seen that the lowest-lying peak
has an ‘‘undershooting’’ feature with respect to this background.
For higher energies, the normal and superconducting spectra
approximately coincide disregarding the larger noise in the super-
conducting state. Parameters of the contact are R s15.8 V0

except for T s3.7 K where a jump to R s22 V occurs,0

V s1.5 mV.1,0

observed for the lowest-lying peak in the nonmag-
Ž .netic but superconducting LuNi B C compound as2 2

Žwell, according to the neutron studies see Fig. 5 of
w x.Ref. 11 . The position of neither of these anoma-

lous peaks extrapolates to zero at the onset tempera-
Ž .tures 15, 12 and 16 K, respectively .

The lowest-lying peak in DyNi B C starts at2 2

Ts15 K and increases almost linearly in intensity
with temperature down to T;T , the superconduct-c

ing transition temperature. Note that neither the tran-
sition to the AFM state at T s10.5 K, nor to theN

superconducting state at T s6.2 K dramatically in-c
Ž .fluences the I T -dependence. Fig. 5 shows the spec-

tra at different temperatures for another junction,
Žwhere the spectrum in the superconducting state at

.Ts3.7 K is shown together with those in the
normal state. If one subtracts the steeply rising back-
ground due to the energy gap nonlinearity at lower

Žbiases which is thought to look like the thick dotted
.curve for the positive biases in Fig. 5 , then the 5

meV peak intensity remains approximately the same
as for the normal state at TGT . Here, the quasi-c

thermal ‘‘undershooting’’ is seen. In this case, the
‘‘undershooting’’ is caused by the suppression of
superconductivity as was studied in detail previously

w xfor phonon structure in Ta junctions 21 . Note that
the phonon structure at 10–25 meV remains almost
the same both in the normal and superconducting
states, as it should be for weak coupling supercon-

w xductivity 22,23 .

4. Discussion

Let us compare the PC spectra for Ho- and Dy-
compounds in the normal state obtained at low tem-

Ž .peratures T<T by applying the requisite mag-c
Ž .netic field to destroy the superconductivity Fig. 6 .

Fig. 6. Comparison between the PC spectra of HoNi B C–Ag2 2

and DyNi B C–Ag contacts in the normal state. A general simi-2 2

larity in the shape is seen. The parameters for Ho-system: R s2.30

V, Hs0.5 T, T s4.2 K; for Dy-system: R s27 V, Hs0.650

T, T s1.8 K.
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Fig. 7. PC spectra for different magnetic fields H for
w xHoNi B C–Ag contact replotted from Fig. 7 of Ref. 8 linear2 2

background being subtracted. R s0.47 V, V s0.8 mV, T s0 1,0

4.2 K. The lowest-lying peak has no undershooting features. Its
height vs. magnetic field is shown in the inset.

These compounds possess the same low-temperature
Žcommensurate AFM state AF-I-related, with or-

w x .dered moments aligned along 110 direction . De-
spite the fact they reach its ground state through a
different succession of magnetic structures, their PC
spectra are very similar. Both of them consist of a

Žlowest-lying peak in Ho-compound at 3.5 meV and
.in Dy-compound at 5.5 meV , the prominent low-

Žfrequency structure at about 10–20 meV in Ho-
compound it ends at about 20 meV and in Dy-com-

.pound at ;16 meV and a flat peak at about ;25
meV. The lowest-lying peak is presumably associ-
ated with the magnetic order at least at temperatures
below AFM transition. First, in HoNi B C the inten-2 2

sity of similar peak strongly depends on the mag-
Ž . 6netic field Fig. 7 . Second, this peak is very similar

6 We neglect the different magnetic structures in a field that
kills superconductivity of Dy- and Ho-compounds.

Žto the AFM structure in Ho-compound see Figs. 9
w x.and 10 of Ref. 1 .

In Fig. 7, the initial part of the PC spectrum for
w xHoNi B C is replotted from Fig. 7 of Ref. 8 , as a2 2

function of magnetic field parallel to the ab plane.
The linearly rising background is subtracted from the
spectra. We disregard the strong undershooting for
phonon modes at eVs10–20 meV and field 0.5 and
1.0 T which is due to the quasi-thermal effect associ-
ated with the destruction of the magnetic order.
Note, that for fields 2–9 T the broad phonon band at
eVs10–20 meV is the same within the experimen-
tal accuracy. The Gaussian lowest-lying mode at
eVs5 meV looks like a conventional PCS-peak. Its

Fig. 8. PC spectra at different temperatures for HoNi B C–Ag2 2
w xcontact replotted from Fig. 9 of Ref. 8 linear background being

subtracted. For the upper and lower panels, the external magnetic
field equals 1 and 0 T, respectively. In the inset, the height of the
lowest-lying peak vs. temperature is shown, the jump around 8 K
is due to the change in magnetic field which influences the
magnetic order. Parameters of the contact: R s0.62 V, V s0 1,0

0.95 mV.
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intensity is strongly dependent on field just in the
Ž .initial range 0–2 T where the magnetic order still

Žexists and saturates at large fields see inset of Fig.
.7 . We emphasize that its position on the energy

scale has nothing to do with superconductivity, which
is completely destroyed at these fields, but probably
is due to the magnetic order which changes with
field.

To compare the temperature dependences of
HoNi B C and DyNi B C, in Fig. 8 we show the2 2 2 2

spectra of HoNi B C–Ag junction, taken from Fig.2 2
w x Ž9 of Ref. 8 . There are two subsets of spectra see

.upper and lower panels of Fig. 8 . One is taken at
low temperature but with a magnetic field of 1 T in
order to suppress superconductivity. The second is
recorded at zero field but at temperatures higher than
T . As the intensity of the lowest-lying peak, we takec

its height whose temperature dependence is plotted
in the inset of the lower panel. It is seen that the
height starts to increase at T ) s12 K and saturatesm

below 6 K. A drop at about 8 K is due to the
application of an external magnetic field. The onset
temperature is noticeably higher than the magnetic

w x Žtransition temperature observed by neutrons 3 Tm
.s8.5 K . As it happens in DyNi B C, there are no2 2

dramatic changes either at T nor at T s6 K. Thusm N

we see that for HoNi B C the lowest-lying peak2 2

behaves in the similar way to that observed for the
DyNi B C compound.2 2

Up to now we have not discussed the influence of
CEF excitation. CEF excitations in ferromagnetically
ordered NdNi were studied by PCS as a function of5

w xtemperature in Ref. 24 . The reported behavior is
very similar to what we have observed. The appear-
ance of CEF spectral lines at the onset temperature
was explained as a decreasing population of CEF
energy levels with decreasing temperature which en-

w xhances the inelastic transitions between levels 25 .
For Ho-compound CEF energy levels are investi-

w xgated in Refs. 13,14 . No CEF magnetic scattering
intensity was found above 20 meV by neutron exper-

w ximents 14 , which coincides with main group of
Ž .peaks for this compound in PC spectrum Fig. 6 .

Comparing with the corresponding group in
DyN B C, the cutoff of the main group of peaks is2 2

Ž .observed at noticeably lower energy ;16 meV
which might be hardly explained by phonon excita-
tions since Ho and Dy have almost the same masses.

The difference in energy positions for the
Ž .lowest-lying peaks Fig. 6 also might be ascribed to

the influence of CEF excitations.
Unfortunately, neither the CEF energy level

scheme extracted from fitting procedure using tem-
w xperature dependent magnetic susceptibility 13 , nor

the direct inelastic neutron scattering experiments
w x14 were able to find in HoNi B C the CEF transi-2 2

tion energy of the order of 3–4 meV, although such
7 w xa transition was found in TmNi B C 14 .2 2

At the same time, several properties point out that
the observed lowest-lying peak is not due to pure
phonon excitations. Its intensity and position on the
energy scale depend on the temperature and mag-

Ž .netic field Figs. 4, 5, 7, 8 which is non-typical for
phonon excitations. Also, the linear background in
the PC spectra is not characteristic for scattering by
nonequilibrium phonon excitations but looks more

w xlike electron–electron interactions 8 .
Thus, we may infer that the lowest-lying peak in

the EQI spectral function is influenced by the CEF
magnetic correlations appearing at T ) ,15 and 12m

K for DyNi B C and HoNi B C, respectively, and2 2 2 2
w xnot yet observed by neutron scattering 3,14 .

w xIn a recent report, Takeya and Kuznietz 26
observe a small step in dc-magnetization curves for
Ž .Pr Dy Ni B C compounds which for1y x x 2 2

DyNi B C gives the temperature of magnetic transi-2 2

tion at about T ) s16 K. They suggest that at thism

temperature the ferromagnetic ordering of Dy mo-
ments occurs by a second order phase transition in
each DyC-layer separately. On lowering temperature,
a 3D first order AFM transition occurs at T s10.5N

K. At this temperature, each ferromagnetically or-
dered DyC layers are locked antiferromagnetically
along the c-axis in a commensurate fashion. Their

) w xT magnetic transition for DyNi B C 26 is closem 2 2

to T ) observed by us in Fig. 4. On our opinion,m

there is rather a degree of anisotropy in the magnetic
correlations. So one gets stronger exchange in the

7 The AFM structure of TmNi B C compound is similar to2 2

Ho- and Dy-compound with ferromagnetic ordering in every
single ab plane. The difference is that in Tm, the magnetic
moments are oriented along c-axis, whereas in Ho- and Dy-com-
pound along the ab plane.
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planes producing 2D like correlations and 2D–3D
transition at 10.6 K. This would not really have a
phase transition at 15 K though the effects are
dynamic, not static.

By analogy, we may assume that for HoNi B C2 2

the corresponding temperature is equal to T ) s12 Km

for magnetic 2D correlations of the Ho-moments
within each ab plane separately. Since it is very hard
to see the modulated magnetic structure above 6 K in
Ho-compounds, the same effect might exists in
DyNi B C as well. It would have an AF component2 2

and the moment rotating on a cone about it, hence
the extended Bragg intensity might be searched above
10.6 K in DyNi B C.2 2

Let us speculate how the lowest-lying peak in the
EQI function appears. We rule out the electron–
magnon interaction as a source of 5 meV peak at
temperatures higher than T . The neutron studies ofN

the nonmagnetic compounds YNi B C and2 2
w xLuNi B C 5,6,11 clearly show that there is a soft-2 2

ening of phonon branches at the wave vector of
Ž ., 0.5,0,0 where the Fermi surface has a nesting

w xfeature 4 . This anisotropic anomalous softening
leads to the formation of a new strong and narrow
phonon mode at eVs4 meV due to nonadiabatic

w x w xeffects 27 which is seen in PC spectra 7 . Its origin
comes from the formation of Cooper pairs at the
superconducting transition and the opening of the
superconducting energy gap in these compounds.

One might speculate that in DyNi B C and2 2

HoNi B C we observe the appearance of the analo-2 2
Žgous phonon mode which is due to a gap or quasi-

.gap in the electron DOS caused by the short range
magnetic order. Clearly, the superconducting transi-
tion which serves as a base for previous theories
w x11,12,27,28 cannot be invoked as an explanation.
The superconducting transition temperature in
DyNi B C is far below the characteristic tempera-2 2

ture T ) where this mode appears. Also, the super-m

conducting energy gaps both for DyNi B C and2 2

HoNi B C are around 2 D ,2 meV which is no-2 2 0

ticeably less than the central energy of this low-lying
peak. On the other hand, for a magnetic transition
temperature of 12%15 K the mean field value of the
magnetic energy gap in the electronic DOS fits well
the observed position of the low-frequency phonon
mode. Unfortunately, although the appearance of a

Ž .gap or quasi gap in electron DOS near Fermi

energy should be felt by PCS as a strong nonlinearity
near zero bias, it is not observed at all.

Thus we can only guess that the reason for strong
lowest-lying peaks in PC spectra of DyNi B C and2 2

HoNi B C is the interaction of conduction electrons2 2
Žwith coupled CEF-phonon excitations see, for ex-

w x.ample Ref. 29 . The branch-crossing of low fre-
quency phonons and CEF energy levels plus the
strong interaction of conduction electrons with CEF
excitations makes our peaks visible whereas the in-
elastic neutron magnetic scattering does not feel
them.

The strong EQI in RNi B C materials along defi-2 2

nite direction leads to an anisotropy of the energy
gap which has not yet been observed in experiment.
An inelastic scattering and pair breaking effect in
anisotropic superconductor may reduce the gap-to-
critical-temperature ratio to the weak coupling value
w x30 . This may explain why the electron–phonon
structure of superconducting RNi B C has not yet2 2

w xbeen observed in the tunneling experiments 31 .
Further work is needed to elucidate this issue.

5. Conclusion

We have found a strong and narrow low-frequency
Ž .peak eV;5 meV in the EQI function in DyNi B C2 2

below T ) s15 K. The low-frequency peak showsm
Ž .no change in position and intensity at the magne-

Žtic transition temperatures T s10.5 and 6 K forN

DyNi B C and HoNi B C, respectively, and T s2 2 2 2 m
.8.5 K for HoNi B C suggesting that its origin is2 2

Ždue not to the spin-density wave excitations mag-
.nons , but most probably to phonons coupled with

CEF magnetic excitons.
This low frequency peak plays a crucial role in

determining the magnitude of the EQI parameter, l,
since it is located at a very low energy. A more
detailed account of this peak in the superconductivity
mechanism would require a closer theoretical inspec-
tion of the effects discussed here.
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