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Electron-phonon interaction in transition-metal diborides TB2 „TÄZr,Nb,Ta … studied
by point-contact spectroscopy
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The electron-phonon interaction~EPI! in transition-metal diboridesTB2 (T5Zr,Nb,Ta) is investigated by
point-contact~PC! spectroscopy. The PC EPI functions were recovered and the EPI parametersl&0.1 were
estimated for all three compounds. Common and distinctive features between the EPI functions for those
diborides are discussed also in connection with superconductivity in MgB2.
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I. INTRODUCTION

The recent discovery of superconductivity in MgB2 at 39
K by Akimitsu ~see Nagamatsuet al.1! renewed the interes
in electron transport measurements and activated a searc
superconductivity in other diborides. According to a rece
review2 no superconducting transition has been observed
far in diborides of transition metalsTB2 (T5Ti, Zr, Hf, V,
Cr, Mo!. Only NbB2 is expected to superconduct with
rather low transition temperatureTc,1 K, and contradictory
reports about superconductivity up toTc59.5 K in TaB2 can
be found in the literature~see, e.g., Refs. 2 and 3 and furth
references therein!. Finally, the reportedTc57 K in ZrB2
~Ref. 3! encourages further studies of these three diborid

The goal of this paper is to determine the electron-pho
interaction~EPI! function for selected diborides by means
point-contact ~PC! spectroscopy in order to address t
above-mentioned issues about superconductivity in th
compounds. The measurement of the nonlinear conduct
of PC’s between two metals allows us, in a direct way,4 to
recover the PC EPI functiona2F(v). The knowledge of
a2F(v) for conducting systems provides a consistent ch
for the possibility of a phonon-mediated pairing mechanis
e.g., by an estimation of the electron-phonon-coupl
strength characterized by the EPI parameterl
52*a2F(v)v21dv. From a comparison of the experime
tally determineda2F(v) with theoretical calculations, dif-
ferent models and approaches can be discriminated. Thu
PC spectroscopy could be helpful to understand details of
EPI in the diborides under consideration, and to evalu
contradictory reports about possible superconductivity wit
this family.

II. EXPERIMENTAL DETAILS

We have used single crystals ofTB2 (T5Zr,Nb,Ta)
grown by the rf-heated floating-zone method.5 Samples were
prepared using a diamond wire saw. The residual resisti
r0 and the residual resistance ratio~RRR! of TB2 are shown
in Table I.

The experimental cell with the sample holders, which
lows mechanical movements of electrodes by differen
0163-1829/2002/66~14!/140301~4!/$20.00 66 1403
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screw mechanism, was placed directly in liquid4He to en-
sure good thermal coupling. The PC’s were establishedin
situ at low temperatures by a touching of the cleaved surf
of TB2 by the edge of another single crystal. We did n
control the mutual orientation of electrodes; therefore,
contact axis was not determined with respect to the defi
crystallographic direction. However, we did not observe
appreciable variation of the maxima position~see additional
remarks for NbB2 at the end of the discussion below! and
their relative intensity in the spectra for different contac
Therefore, we believe the anisotropy is not crucial. Both
differential resistancedV/dI and the second derivative of th
I -V characteristicd2V/dI2(V) vs V were registered using a
standard lock-in technique. The zero-bias resistanceR0 of
investigated contacts ranged from a few ohms up to sev
tens of ohms at 4.2 K.

III. RESULTS AND DISCUSSION

The voltageV applied to the ballistic contact defines th
excess energy eV of electrons; therefore, for some of the
backscattering processes caused by the creation of pho
can take place. This results in a decrease of the net cur
through the contact and leads to a nonlinearI -V characteris-
tic. According to the theory of Kulik, Omelyanchouk, an
Shekhter6 in this case the second derivative2d2I /dV2(V) of

TABLE I. Parameters of investigatedTB2 single crystals.

Samplesa r03109, Vm RRR nb
•10228, m23

ZrB2 3.31 24 13
NbB2 2 2 18.2
TaB2 220 1.2 18.6

aFor NbB2, the estimatedr was two orders of magnitude large
compared to the other diborides, probably due to the presenc
inner cracks. Therefore, corresponding cells in the Table I
empty.

bThe density of carriersn was estimated by the number of valen
electrons~four for ZrB2, five for NbB2 and TaB2) per volume of
the corresponding unit cell.
©2002 The American Physical Society01-1
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the I -V curve at low temperatures is proportional
aPC

2 F(v). In the free electron approximation7

2
d2I

dV2
}R21

dR

dV
5

8 ed

3 \vF
aPC

2 ~e!F~e!ue5eV , ~1!

whereR5dV/dI, aPC, roughly speaking, measures the i
teraction of an electron with one or another phonon bran
The kinematic restriction of electron scattering processes
PC is taken into account by the factorK51/2(12u/tanu),
whereu is the angle between initial and final momenta
scattered electrons@for transport and Eliashberg EPI func
tions the corresponding factors are:K5(12cosu) andK51,
respectively#. Therefore in PC spectra the large angleu
→p scattering~backscattering! processes of electrons dom
nate.

From Eq. ~1! the EPI functionaPC
2 (e) F(e) can be ex-

pressed via the measured rms signal of the firstV1 and sec-
ond V2 harmonics of a small alternating voltage superi
posed on the ramped dc voltageV:

aPC
2 ~e! F~e!5

3A2

4

\vF

ed

V2

V1
2

. ~2!

The PC diameterd, appearing in Eqs.~1! and~2!, determines
the constriction resistance which consists of a sum of
ballistic Sharvin and the diffusive Maxwell terms accordi
to the simple formula

RPC~T!.
16r l

3pd2
1

r~T!

d
~3!

derived by Wexler,8 which is commonly used to estimate th
PC diameterd. Here r l 5pF /ne2, where pF is the Fermi
momentum,n is the density of charge carriers. Represen
tive examples of measuredd2V/dI2(V) dependencies ar
shown in Fig. 1. Among tens of curves, which show rep
ducible phonon structures for each compound, we sele
d2V/dI2(V) characteristics with the most pronounced a
intensive maxima. A common feature for all crystals is t
presence of the main low energy maximum placed at ab
30, 28, and 20 mV for ZrB2 , NbB2, and TaB2, respectively.
This is in line with the common consideration that at fix
spring constants the phonon frequency decreases with
creasing atomic mass~see Fig. 2!. Such a behavior sugges
that the first peak corresponds to the vibration of transit
metal. Curiously, on the one hand, the aforementioned pe
appear just above the maximal phonon energy on PC spe
of the corresponding clean metals: Zr,9 and Nb and Ta from
Ref. 10 ~see Table II!. On the other hand, the neutron da
peak position for MgB2 on Fig. 2, at about 36 meV,12 is far
below the straight line connecting theTB2 compounds. This
might be considered a consequence of a softening of
corresponding spring constants, i.e., metallic bonds in Mg2
instead of relatively strongTdB2p covalent bonds in the
TB2 series. Notice that the recent data11 recovered maxima in
the PC spectra of MgB2, even at lower energies of about 3
and 20 meV. This cannot be occasional. It points either
14030
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peculiarities in the lattice dynamics of MgB2 since such
peaks are missing in standard first-principles phon
calculations13,14 or to the presence of other, nonphonon
low-frequency bosonic excitations.15 It is noteworthy that the
presence of such anomalous low-energy modes has also
noticed by other experimental techniques: Ram
scattering16 and tunneling measurements.17 Their relationship
to its high critical temperature remains unclear at presen

Because of the large mass difference between the tra
tion metal and the boron atoms the boron derived modes
expected to occur at much higher energy. Indeed, for Z2
two additional maxima at 70 and 100 mV~Ref. 18! are well
resolved, while for NbB2 the high energy part of the spec
trum presents a broad maximum around 60 mV. For TaB2 the
high energy phonon peaks were difficult to resolve, althou
according to a rough estimation19 the boron in-plane and
out-of-plane displacement modes should have energies o
and 85 meV, respectively. No spectral features were fo
for the above-mentioned compounds above 100 meV. Th
in line with the measured surface phonons20 for ZrB2 and
NbB2. There all phonon frequencies are below 100 me
Moreover, for both compounds, a phonon dispersion stud20

FIG. 1. Raw PC spectrad2V/dI2(V) for investigated com-
pounds atT54.2 K. The phonon structure is clearly resolved wi
pronounced maxima up to 100 mV~see ZrB2), while for TaB2 only
the low energy peak at 20 mV is seen. The spectra exhibit als
zero-bias anomaly, better pronounced in NbB2 and TaB2. The zero-
bias resistance and modulation signal for ZrB2 areR055.5V and
V1(0)50.8 mV, for NbB2 they areR0550V, V1(0)52.8 mV,
and for TaB2 they areR0525V, V1(0)51.3 mV. The inset in
each panel shows the second derivative2d2I /dV2} (d2V/dI2)
3(dV/dI)23 averaged for both polarities. Dotted lines present t
behavior of the background.
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demonstrated a gap between 30 and 50 meV which sepa
acoustic and optic branches. In this energy region a m
mum in our PC spectra occurs. Comparing the high ene
parts of the ZrB2 and NbB2 PC spectra, we may support th
statement20 that, for NbB2 the boron surface phonon mode
are softer and more complex than in the case of ZrB2. Pos-
sibly for this reason in the PC spectra of NbB2 all boron
derived modes form broad structureless maxima aro
60–70 meV~see Fig. 3!.

To recover the spectral EPI function according to Eq.~2!,
at first d2V/dI2(V) has been transformed int
2d2I /dV2(V), and thereafter the background~see Fig. 1,
insets! was subtracted. There are a few models, both theo
ical and empirical, for the background behavior. Using o
experience with PC spectra of different metals and co
pounds we have drawn the background simply by eye wi
dependence like exp(21/x2), as shown in Fig. 1, insets. Dur
ing this procedure we paid attention to the following:~i!
zero-bias anomalies were disregarded;~ii ! the background
curve is made to touch the measured one at the minim
above the first peak, where a gap between acoustic and
tical phonons is expected; and~iii ! above 100 mV or below
in the case of lacking visible maxima the background co
cides with the data. Figure 3 presents the recovered PC
function for the investigated diborides calculated by Eq.~2!

FIG. 2. The position of the first peak~squares! in the measured
PC spectra for ZrB2 , NbB2, and TaB2 vs the inverse square root o
atomic mass of the corresponding transition metal. For MgB2 the
peak position is according to the inelastic neutron scattering
~Ref. 12!. Open circles show the position of the first peak in the
spectra for the corresponding metals~Refs. 9 and 10!. Straight
dashed lines are to guide the eye.

TABLE II. The phonon maxima and the EPI constantl in TB2

compounds measured by PC spectroscopy. The fifth column sh
the maximal energy for phonon features in the PC spectrum~Refs.
9 and 10! for the corresponding transition metals:T5Zr, Nb, Ta.

Samples First peak Second peak Third peak\vmax
T lPC

meV meV meV meV

ZrB2 3060.5 6861 9562 25 0.06
NbB2 2862 6065 2 28 0.08
TaB2 2061 40? 2 20 0.025
14030
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with a Fermi velocityvF513106 m/s. To obtain the PC
diameterd we used the Sharvin part of the PC resistan
from Eq. ~3! and the calculated valuer l 5pF /ne2

5(3p2)1/3\e22n22/3 with n from Table I. By virtue of the
fact thatd}(r l )1/2}n21/3 the simplicity of the evaluation of
n ~see Table I, footnote! is not crucial for the calculation ofd
and afterward for estimation of the EPI parameterl.

It is also seen from Fig. 3 that the upper boundaries of
ZrB2 and NbB2 spectra are at about 110 and 90 meV~see
Fig. 3!, which is much larger than their Debye temperatu
of 280 and 460 K, respectively, estimated from the Bloc
Grüneisen temperature dependence of the resistivity.3

With the EPI function we have calculated the EPI para
eter l52*a2F(v)v21dv. We should emphasize that, i
general, due to presence of theK factor, lPCÞlEliashberg;
however, for many superconductors it was found10 that lPC
.lEliashberg. As we can see from Table II,lPC is rather low
for the diborides.21 We remark that a smalllPC.0.02 was
also reported for PC studies of the transition metal silicid
NbSi2 and TaSi2.22 The reason for this can be the deviatio
from the ballistic electron flow and the establishment o
regime withl i!d in PC ~herel i is the elastic mean free pat
of electrons!, which adds a prefactor23 of the order ofl i /d in
Eq. ~1!. The large background level and the absence of
high energy peaks, e.g., for the PC spectra of TaB2, may
have the same origin: the lack of a ballistic regime in o
PC’s. Also note, that the TaB2 samples are of relative low
quality ~their RRR’s amounts to only 1.2! ~see Table I!; that
is, a smalll i value is already expected in the bulk. Therefo
for TaB2 we assume thatl is underestimated. However, i

ta

ws

FIG. 3. The PC EPI function for ZrB2 , NbB2, and TaB2, recov-
ered from the spectra in Fig. 1. The vertical arrows mark reprod
ible fine features as a bump and a shoulder for ZrB2.
1-3



ak
uc
a

he

a
.
iffi
ta
rm
th
o

f

m
sis
fo
PC
ill
f

ich

l di-
-
vo-
EPI

e
PC

ven
ing

al
ere
the

up-
ate-

RAPID COMMUNICATIONS

NAIDYUK et al. PHYSICAL REVIEW B 66, 140301~R! ~2002!
the case of ZrB2, where the PC spectra present distinct pe
up to the maximal energy, and even at the first peak s
details as a bump at 20 mV and a shoulder at 35 mV
seen, we believe that our parameterlPC corresponds here to
a real state of the art. Our results also show that NbB2 has
the largestlPC among the studied compounds. Thus t
search for superconductivity in NbB2 is more interesting. We
should note that, among the studied diborides, for NbB2 we
observed the largest variation in the position of the first pe
For some PC spectra the peak shifted down to 22–23 mV
this case any high energy maxima, e.g., at 60 mV, was d
cult to resolve. Most likely this is due to disturbed me
structure in the PC area caused by low temperature defo
tion at the contact formation. In any case the effect of
anisotropy has to be studied. Of course, to draw a m
weighty conclusion about details of the EPI and thel value
in the presentedTB2 family, a theoretical calculation o
aPC

2 F(v) with the above-mentionedK factor, and a compari-
son with experimental data, any desirable.

Finally, we should stress that by investigation of MgB2
thin films11 the EPI inelastic contribution to the PC spectru
was estimated only in a few percent of the total PC re
tance, which is nearly an order of magnitude lower than
the TB2 under consideration. Why the EPI features on
spectra of MgB2 are shallow and hardly reproducible is st
unclear at the moment. Possibly this is due to a weak EPI
d
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th

k.

u

i

14030
s
h

re

k.
In
-

l
a-
e
re

-
r

or

a three-dimensional band of the Fermi surface sheet, wh
determines the PC conductivity of thin films,24 along with a
small l i /d ratio.

IV. CONCLUSION

We have measured the PC spectra in transition meta
borides: ZrB2 , NbB2 and TaB2. The spectra exhibit struc
tures up to an energy of about 100 meV, which is unequi
cally caused by phonons. For all compounds the PC
function was established and the EPI parameterl was cal-
culated. The obtained smalll values strongly question th
reported bulk superconductivity in these compounds. The
EPI spectra of the above-mentioned diborides differs e
qualitatively from that measured earlier for superconduct
MgB2.
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