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We report on the synthesis and measurements of the temperature dependences of the resistivity p, the penetra-
tion depth A, and the upper critical magnetic field H.o for polycrystalline samples of dodecaboride ZrB;2 and
diboride MgB2. We conclude that ZrBi2 behaves as a simple metal in the normal state with the usual Bloch -
Griineisen temperature dependence of p(7T') and with a rather low resistive Debye temperature Tr = 280 K
(to be compared to Tr = 900 K for MgB2). The p(T) and \(T') dependences for these samples reveal a
superconducting transition in ZrB12 at T, = 6.0 K. Although a clear exponential \(T') dependence in MgB-
thin films and ceramic pellets was observed at low temperatures, this dependence was almost linear for ZrB»
below T¢. /2. These features indicate an s-wave pairing state in MgB3, whereas a d-wave pairing state is possible
in ZrB12. In disagreement with conventional theories, we found a linear temperature dependence of H.o(T') for

Zer (HCQ(O) =0.15 T)
PACS: 74.70.Ad, 74.25.0p, 72.15.Gd
1. INTRODUCTION

The recent discovery of superconductivity at 39 K
in magnesium diboride [1] has initiated a booming ac-
tivity in condensed matter physics. This activity has
raised considerable interest in the search for supercon-
ductivity in other borides [2]. Unfortunately, none of
natural candidate MeBs-type diborides of light metals
(Me = Li, Be, Al, Ca) nor any of a large number of the
known isostructural transition metal diborides (Me —
= Ti, Zr, Hf, V, Ta, Cr, Mo, U) have been found
to be superconducting [2].  Superconductivity was
observed [3-6] only in nonstoichiometric compounds
(MOBQ.E',, NbB2.5, MO2B./ WQB./ B6B2.75). We note
that the earlier speculation about superconductivity in
TaB, [7] (in contradiction to other published data [2])
has been disproved by recent resistivity, susceptibility,
and specific heat measurements supported by electronic
structure calculations [8].

These results do not seem to support the applica-
tion of the old idea about superconductivity in metallic
hydrogen [9] to the explanation of superconductivity in
MgB> [10]. In spite of this fact, we discuss some aspects
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of this idea. In particular, it is believed that in MgBs,
the averaged phonon frequencies (in other words, the
Debye temperature) must be very high due to the low
mass of the boron, which sharply increases the prefac-
tor in the McMillan formula for T,. Indeed, the band
structure calculations have shown that electrons at the
Fermi level are predominantly boron-like in MgB» and
the superconductivity is due to graphite-type “metal-
lic” boron sheets [10]. Furthermore, Eremets et al. [11]
recently observed that the semiconducting polycrys-
talline boron (rombohedral 3-Bigs) transforms to a
metal under high pressure and even to a superconduc-
tor at about 160 GPa. The critical temperature 7,
increases from 6 K to 11.2 K at raised pressure up to
250 GPa. This observation supports the old idea that a
route for optimizing 7, is in preparation of boron-rich
compounds, even though this does not yet work for
known borides.

In fact, the search for superconductivity in borides
has a long history. Matthias et al. [12] discovered sev-
eral superconducting cubic hexa- and dodecaborides
(MeBg and MeBjs) in the 1960’s. Many other hexa-
and dodecaborides (Me = Ce, Pr, Nd, Eu, Gd, Tb, Dy,
Ho, Er, Tm) were found to be ferromagnetic or anti-
ferromagnetic. It was suggested that the superconduc-
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tivity in YBg and ZrB;o (having the highest T, values
6.5-7.1 K and 6.03 K, respectively [3]) might be due
to the hypothetical cubic metallic boron. However, a
much smaller isotope effect on T, for boron in compar-
ison with the Zr isotopic substitution suggests that the
boron in ZrBys serves as an inert background, and Zr
is actually crucial for superconductivity [13,14], even
though chemically, ZrB;> mainly contains boron.

While the superconductivity in ZrBqs was discov-
ered a long time ago [12], there has been little effort
devoted to the study of basic superconductive proper-
ties of this dodecaboride. Only recently were the elec-
tron transport of solid solutions Zry_,Sc, B2 [15] and
the band structure calculations for ZrBi, [16] reported.
Understanding the electron transport properties of the
cluster borides and the superconductivity mechanism
in these compounds is very important. In this paper,
we attempt to address this problem. We report the
temperature-dependent resistivity p(7), magnetic field
penetration depth A(T"), and upper critical magnetic
field H.o(T) for polycrystalline samples of ZrBy,. Com-
parative data on p(T') and A\(T") in MgBs thin films and
pellets are also presented.

The structure of this paper is as follows. In Sec. 2,
we report on synthesis of ZrB;» and MgB, and the ex-
perimental techniques. Section 3 describes the electron
transport in these compounds. Section 4 describes the
temperature dependence of A in thin films and poly-
crystalline samples. The data on Heo(T') are presented
in Sec. 5.

2. EXPERIMENTAL

Under ambient conditions, dodecaboride ZrBis
crystallizes in the fcc structure (Fig. 1) of the UBjo
type (space group F'm3m), with the lattice parameter
a = 0.74075 nm [17]. In this structure, the Zr atoms
are located at interstitial openings in close-packed Bj»
clusters [15]. In contrast, the diborides show a phase
consisting of two-dimensional graphite-like monolayers
of boron atoms with a honeycomb lattice, intercalated
with metal monolayers [2]. In our search for the su-
perconducting diboride compounds, we observed super-
conductivity at 5.5 K in ZrBs polycrystalline samples
that had a few percent amount of ZrB» impurity [2]. Tt
was recently suggested [18] that this observation could
be associated with nonstoichiometry in the zirconium
sublattice of ZrBs. To resolve this issue and to study
the electron transport and basic superconducting prop-
erties of ZrBis, we successfully synthesized this com-
pound.
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Fig.1.
For clarity, only B2 clusters on the upper face of the
lattice are shown

The lattice structure of dodecaboride ZrBj2.

Polycrystalline samples of ZrBy» were obtained by
the conventional solid-state reaction. The starting ma-
terials were a zirconium metal powder (99.99 % purity)
and a submicron amorphous boron powder (99.9 % pu-
rity). These materials were lightly mixed in appropri-
ate amounts and pressed into pellets 10 mm thick and
20 mm in diameter. The pellets were wrapped in a
tungsten foil and baked at 2000 °C by electron-beam
heating with subsequent slow cooling to room temper-
ature. The process took place for two hours in a high-
vacuum chamber at 2:10~* Pa. The resulting polycrys-
talline pellets had over 90 % of the theoretical mass
density and were black in color. They demonstrated
good metallic conductivity at low temperatures. Af-
ter regrinding the prepared pellets in an agate mortar,
the respective powders were reheated few times for two
hours.

The powder X-ray diffraction pattern obtained us-
ing CuK, radiation showed that the samples largely
consist of the desired ZrBi, phase (Fig. 2). Nev-
ertheless, small amounts of ZrBs were found to be
present and could not be eliminated by subsequent re-
grinding and annealing. A Rietveld refinement of the
ZrB1» X-ray pattern, based on the fcc UBi5-type struc-
ture presented in Fig. 1, yielded the lattice parameter
a = 0.7388 nm to be very close to the published val-



MKIT®, Tom 128, Boin. 1(7), 2005

Electron transport, penetration depth ...

Intensity, arb. units

80°
20

20°  30° 40° 50°  60°  70°

Fig.2. A typical X-ray 6 — 26 scan of ZrBi2 pow-

ders (the lower curve) at room temperature. A similar

scan for ZrB; pellets studied before [2] is presented by

the upper curve. The cycles mark the X-ray reflections
from fcc ZrB12

ues [17]. The polycrystalline MgB» pellets have been
sintered using a similar technique as outlined in our ear-
lier work [2]. This technique is based on the reactive
liquid Mg infiltration of boron powder. X-ray diffrac-
tion analysis did not reveal the metallic Mg phase, and
we therefore believe that a rather high resistivity ratio
(R300 k /R0 k = 12) is due to the high quality of our
samples.

For this study, two highly crystalline, superconduct-
ing films of MgBs were grown on an r-plane sapphire
substrate in a two-step process. Deposition of B precur-
sor films via electron-beam evaporation was followed by
ex-situ post annealing at 890 °C in the presence of bulk
MgB, and Mg vapor. Scanning electron microscopy
showed dense films with surface roughness below 5 nm.
For the measurements, we investigate films of 500 and
700 nm thick, with the corresponding 7, values 38 K
and 39 K. The details of the preparation technique are
described elsewhere [19].

For the resistance measurements, we used the spark
erosion method to cut the pellets into a rectangular bar
with dimensions of about 0.5 x 0.5 x 8 mm?®. The sam-
ples were lapped with a diamond paste. To remove any
deteriorated surface layers, the samples were etched:
ZrBis in hot nitrogen acid and MgBs in 2% HCI plus
water-free ethanol. A standard four-probe ac (9 Hz)
method was used for resistance measurements. Elec-
trical contacts were made with Epotek H20E silver
epoxy. The temperature was measured with platinum
(PT-103) and carbon glass (CGR-1-500) sensors. A
well-defined geometry of the samples provided for the
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precise resistivity measurements.

The measurements were performed in the liquid-he-
lium variable-temperature cryostat in the temperature
range between 1.1 and 350 K. Magnetic measurements
of the resistivity and the penetration depth on the poly-
crystalline samples were carried out using a supercon-
ducting coil in applied fields of up to 6 T. The dc mag-
netic field was applied in the direction of the current
flow. The critical temperature measured by the radio-
frequency (RF) susceptibility [2] and p(T") was found
to be T.op = 6.0 K for ZrB;5 samples and 39.0 K for
MgB», samples.

The A\(T') dependence in thin films was investigated
using a single-coil mutual inductance technique. This
technique, originally proposed in [20] and improved
in [21], takes advantage of the well-known two-coil ge-
ometry. It was successfully used for the observation
of the Berezinskii—Kosterlitz—Thouless vortex—anti-
vortex unbinding transition in ultrathin YBasCuzO7_,
films [22] as well as for the study of the A(T") depen-
dence for MgB, films [23]. In particular, this RF tech-
nique measures the change of inductance AL of a one-
layer pancake coil located in the proximity of the sam-
ple. The coil is a part of the LC circuit driven by a
marginal oscillator operating at 2-10 MHz or by the
impedance meter (VM-508 TESLA 2-50 MHz). The
frequency stability of this oscillator is 10 Hz. The film
is placed at a small distance (about 0.1 mm) below
the coil and is thermally insulated from the coil by a
Teflon foil. Both the sample and the coil are in vacuum,
but the coil holder is thermally connected with a he-
lium bath, while the sample holder is isolated and may
be heated. During the experiment, the coil was kept
at 2.5 K, whereas the sample temperature was varied
from 2.5 to 100 K. Such a design allows us to eliminate
possible effects in temperature changes in L and C on
the measurements. The real part of the complex mu-
tual inductance M between the film and the coil can

5

be obtained as
— ]_ ,
fA(T) >

where Ly and fp are the inductance and the resonant
frequency of the circuit without the sample. In the
London regime, where high-frequency losses are neg-
ligible, one can introduce the difference between the
temperature-dependent real part of M of the coil with
the sample, Re M (T'), and that of the coil at Ty, Re M.
This difference is a function of A\(T")

Re M(T) = Lg < (1)

)

M(q)
1+ 2g\cth(d/\)

AReM(T) = ﬂuo/
0

dg, (2)
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where g is the magnetic permeability of vacuum, M (q)
plays the role of the mutual inductance at a given wave
number ¢ in the film plane and depends on the distance
between the sample and the coil, d is the sample thick-
ness, and g is a permeability of a free space (additional
details can be found in [21]). A change in ARe M(T)
is detected as a change of the resonant frequency f(7')
of the oscillating signal. When inserted in Eq. (2), this
change yields a temperature-dependent London pene-
tration depth A(T").

Measurements of A\(T") for polycrystalline ZrB;5 and
MgB, samples were performed with a similar LC' tech-
nique but using a rectangular solenoid coil into which
the sample was placed. The details of this technique
are described elsewhere [24]. For such arrangements,
changes in the resonant frequency f(T') = w/27 of the
circuit relative to that above T, f(71.), and at the min-
imal temperature Ty, f(T}), are directly related to the
inductance of the probe coil and, hence, to A(T') by

7T — (1)
f=2(Te) = f72(T)

Here, f(T.) and f(T}) are the respective resonant fre-
quencies at T' > T, and at the minimal temperature
T, and § = \/c®p/2rw is the skin depth above T,
which was determined from the resistivity p(7') mea-
surements.

MT) = MTo) =0

(3)

3. ELECTRON TRANSPORT

Figure 3 shows the temperature dependence of the
resistivity for ZrBi» and MgBs samples. The inset
displays the variation of p(T') near the superconduct-
ing transition with zero resistance at 6.0 K (the width
AT = 0.04 K) in ZrB;» and at 39 K (AT = 0.7 K)
in MgB, samples. The transition is remarkably nar-
row for ZrBis samples, which is a clear indication of
good-quality samples. The transition temperature is
consistent with the previously reported values for ZrB»
(6.03 K) [12-14] and is comparably larger than that
of ZrB, samples (5.5 K) [2]. Although ZrB;, mostly
contains boron, its room-temperature resistivity is only
four times larger than that of MgB» and ZrB» [2], while
the residual resistivity is ten times larger. The resisti-
vity ratio for ZrB;2 (p(300 K)/p(6 K) = 4) is rather low
compared to the single-crystal value 10 [25]. Although
an X-ray diffraction analysis revealed small amounts of
ZrBs (the nonsuperconducting phase [25]), apparently
there is no influence of this phase on the p(T") depen-
dence, because below T, the resistivity drops to zero,
rather than to the residual value.
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Fig.3. Temperature dependence of the resistivity p

for ZrB12 (open circles) and MgB (squares) polycrys-

talline samples. The solid lines represent the Bloch -

Griineisen fits to the experimental data in accordance
with Eq. (4)

One can predict a nearly isotropic resistivity for fcc
ZrBi5, which can be described by the Bloch — Griineisen
(BG) expression of the electron—phonon (e—p) scatter-
ing rate [26]:

xoe?dx
5 = 4p1t5J5(]./t)

e =12 (4)

p(t)—p(0) = dpyt° /
0

Here, p(0) is the residual resistivity, pi dp(T)/dt
is the slope of p(T') at high temperatures (T' > Tg),
t = T/Tg, and Tg is the resistive Debye temperature.
As we can see from Fig. 3, the BG equation describes
our data reasonably well, indicating the importance of
the e—p interaction for both metals. The best fit to
our data is obtained with T = 280 K for ZrBi» and
Tr =900 K for MgBs.

In contrast to ZrBis, the resistivity of MgB, sam-
ples does deviate from the BG model at low tempera-
tures. This problem has been under consideration by
several groups. In particular, Putti et al. [27] modi-
fied the BG equation by introducing a variable power
n for the t".J,(1/t) term in Eq. (4). The best fit to the
data was obtained with n = 3, which in fact ignores
a small-angle e—p scattering. Recently, Sologubenko et
al. [28] reported a cubic T-dependence in the a, b-plane
resistivity below 130 K in single crystals of MgBs. This
was attributed to the interband e—p scattering in tran-
sition metals.

We stress that there are strong objections to this
modified BG model: (i) the cubic p(T') dependence is
a theoretical model for large-angle e—p scattering, and
no evidence of it was observed in transition and non-
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Fig.4. Temperature dependence of the reduced re-

sistivity [p(T) — p(0)]/T? for ZrB1» (open circles) and
MgB. (squares) polycrystalline samples. The solid lines
are a guide for the eye

transition metals; (ii) numerous studies of the p(T") de-
pendence in transition metals have been successfully
described by a sum of the electron—electron (e—¢), pro-
portional to T2, and e—p, proportional to T°, contri-
butions to the low-temperature resistivity, which may
be easily confused with a T3 law [26,29,30]; (iii) the
o-7 interband e—p scattering plays no role in normal
transport in the two-band model for MgB, [31].

To investigate whether a combination of e—e and e—p
scattering works for our samples, we decided to add a
T%-term to Eq. (4) [29,30]. We note that the BG term
is proportional to T° at low temperatures. Therefore,
addition of the T?-term results in the following expres-
sion for the resistivity p(T'):

p(T) — p(0)

73 =a + pT3.

(5)

Here, a and  are parameters of the respective e—
e and e—p scattering terms. When plotted in the
[p(T) — p(0)]/T? vs T? axes, such a dependence yields
a straight line with the slope § and the y-intercept
(T = 0) equal to a. The corresponding plot of our
data in Fig. 4 clearly displays the expected linear de-
pendences. The presence of an unusually large T2-
term in MgB, data (open squares in Fig. 4) below
150 K is evident (a 150 pQ - em/K?), whereas
the e—p scattering T°-term is substantially smaller
(8 =21-10"5 pQ - em/K’). We note, however, that
the a value for MgBs is almost 40 times larger than
the corresponding values in transition metals such as
molybdenum and tungsten (apro = 2.5 pQ-cm/K? and
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aw = 1.5-4 pQ-cm/K? [29, 30]). In contrast, the ZrB»
data display a nearly zero T>-term.

In general, there are many scattering processes re-
sponsible for the T?-term in the p(T) dependence of
metals [25]. In particular, umklapp e—e scattering
strongly contributes to this term. Furthermore, normal
collisions are significant in compensated metals and in
thermal resistivity [30]. Borides have a rather high Tr
value, which depresses the e—p scattering, and hence
the e—e term is easier to observe. Clearly, there is no
obvious explanation for such a significant e—e scatter-
ing contribution in MgBs. We believe that additional
experiments on purer samples are necessary before the
final conclusion about the origin of the T?-term in the
p(T') dependence for MgB, can be drawn. Besides, the
T2-term was recently observed in ZrB;» single-crystal
samples with the large resistivity ratio equal to 10 [23].
Apparently, the T2-term depends on the residual resis-
tivity.

4. PENETRATION DEPTH

Our RF technique allows us to measure the change
in the penetration depth A(T) [24]. We note, how-
ever, that there is some uncertainty in determining
the absolute values of A\(T") for bulk samples because
of error in the fy determination in Eq. (1). For this
reason, we do not attempt to determine the absolute
values of A(0) for polycrystalline samples from these
data but rather find the temperature-dependent part
ANT) = MT) — M1 K). Figure 5 displays the effect
of the superconducting transition in ZrBiy on A(T).
The striking feature of the curves in Fig. 5 is the linear
temperature dependence of AX below T,/2 = 3 K. We
emphasize that no frequency dependence of these data
was found when oscillator frequency was varied by a
fact of two.

In the BCS theory, the London penetration depth
AT,1) is identical to the magnetic penetration depth
AT) in the case of specular and diffuse surface scat-
tering and for negligible nonlocal effects, i.e., for
8(T,1) > &(T,1) |24,32]. Here, [ is the mean free
path of carriers and £ is the coherence length. In
a BCS-type superconductor (with the conventional s-
wave pairing) in the clean limit (I > £), the magnetic
penetration depth has an exponentially vanishing tem-
perature dependence below T../2 (where A(T') is almost
constant) [32]:

MT)=X0) |1+ Hﬂ'% exp <—%) (6)
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Fig.5. Temperature dependence of the penetration

depth for a ZrBi> sample. The solid lines are a guide

for the eye. The inset shows the data below 3.5 K in
an extended scale

Here, A(0) is the value of the energy gap and A(0) is
the magnetic penetration depth at zero temperature.

At the same time, the unconventional d-wave pair-
ing symmetry causes the energy gap to be suppressed
along node lines on the Fermi surface. This results in
a linear dependence of \(T') — A\(0) < T at low tem-
peratures. Such a linear T-dependence of \ was re-
cently used as a fingerprint of the d-wave symmetry for
Cooper pairs in cuprate superconductors [33, 34]. From
this standpoint, one could argue that the linear \(T)
dependence in ZrB;s (Fig. 5) may be considered an in-
dication of the d-wave symmetry of the condensate of
Cooper pairs.

Recently, however, thermodynamic arguments were
suggested [35] that a strictly linear T-dependence of A
at low temperatures violates the third law of thermo-
dynamics, because it produces nonvanishing entropy in
the zero-temperature limit. Therefore, one should ex-
pect a deviation from the linear T-dependence of \ at
very low temperatures. Indeed, recent experiments in
cuprates indicate deviation from the linearity of A(T')
from the current-carrying zero-energy surface Andreev
bound states [36]. We believe that further experiments
on single crystals of ZrBys are necessary to confirm the
actual character of the A\(T') behavior below 1.0 K. Such
experiments are now in progress and may shed light on
the nature of the pairing state in this dodecaboride.

Figure 6 displays the change in A(T) in a MgB»
polycrystalline sample. These measurements were done
on samples freely placed in a rectangular solenoid coil
forming an LC circuit kept at 2.5 K. In Fig. 7, we show
the temperature variation of A for the best MgBs film,
determined from the one-coil technique and inversion
procedure via Eq. (2). A particular feature of these fig-
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Fig.6. Temperature variation of the magnetic pene-

tration depth \ for a MgB, sample up to T.. The inset

shows the data below T¢./2 in an extended scale. The

solid line represents the single-gap exponential fit for
A(0) =2.73 meV

A, nm
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Fig. 7. Temperature variation of A up to 7. for a MgB;
thin film on Al3O3. The inset shows the data below
T./2 in an extended scale. The solid line represents
the single-gap exponential fit for A(0) = 2.8 meV

ures is a very similar exponential T-dependence at low
temperatures for both film and polycrystalline samples.
We used the conventional s-wave approach, Eq. (6), to
fit these data. In both cases, we observe satisfactory
if not perfect agreement between the fits and low-tem-
perature data for thin films. Our fitting parameters
(the superconducting gap value at 0 K) are 2.8 and
2.73 meV for film and polycrystalline samples, respec-
tively. The corresponding reduced gap 2A(0)/kpT, for
these samples was found to be 1.64 and 1.62.

Several recent reports on A(T) measurements
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[23,37] in MgB, provide strong evidence for a pre-
dominately exponential temperature dependence of A
at low temperatures, which is consistent with our ob-
servation. The reduced gap ontained from exponential
fits to the data was found to be 1.42 [37] and 2.3 [23]
for single crystals and thin films, respectively. These
values, as well as the value we obtained from our data,
are significantly smaller than the BCS weak coupling
value 2A(0)/kpT. = 3.52. Several other groups have
claimed that A(T) in MgB» does follow a power-law or
even linear T-dependence [38]. The possible reason for
this discrepancy is that previous studies were limited
to temperatures above 4 K, whereas A\(T') shows a clear
signature of exponential behavior only below 7 K (see
Figs. 6 and 7). Another problem may arise in use of
nonetched samples, where the damaged surface layer
or the proximity effect associated with the presence
of a metallic Mg over layer [19] may significantly
complicate the use of the surface-sensitive techniques.

We emphasize that our values of the superconduct-
ing gap at low temperatures are in the range of val-
ues for 3D w-bands obtained by point-contact spec-
troscopy on MgBs single crystals (A,(0) = 7.1 meV
and A, (0) 2.9 meV for the o- and w-bands, re-
spectively) [39]. Our data also agree with theoretical
values predicted by the two-band model [40]. Analy-
sis of the overall temperature dependence of A\ within
the two-band phenomenological model [41] is now in
progress and will be published elsewhere. The essen-
tial property of this paper is comparison of the ZrBi,
and MgB, low-temperature data, where the A\(T') de-
pendence has a totally different behavior.

5. UPPER CRITICAL MAGNETIC FIELD

We now turn to the data on electronic transport in
a magnetic field. Figure 8 presents the magnetic-field
dependent electric resistivity data for ZrBys polycrys-
talline samples at various temperatures. Two features
are clearly seen: (i) the magnetic field shifts the super-
conducting transition to lower temperatures; (ii) there
is a very small longitudinal magnetoresistivity in the
normal state. We extracted the completed upper criti-
cal magnetic field H.o by extending the maximal-deri-
vative dp/dH line (the dashed line in Fig. 8) up to the
normal-state level. The crossing point of this line and
the normal-state resistivity gave us the value of H.y at
various temperatures as indicated by an arrow in Fig. 8.
Despite a clear broadening at higher fields, such on-
set of the resistive transition remains well defined. We
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/Hc2

0.2
H'T

Fig.8. Magnetic field variation of the resistivity p(T')

in a linear scale for a ZrB12 sample at T = 5.6 (1), 5.2

(2),5.0(3),43(4),3.6(5),3.3(6),2.0(7),1.8(8),

1.2 (9) K. The solid lines are a guide for the eye and

the dashed line describes how the resistive transition
field H.o has been established

10.5

10.0

9.5

Fig.9. Magnetic field variation of the resonant fre-

quency of the LC circuit for an ZrBq2 sample at the

temperatures T = 5.8 (1), 5.0 (2), 4.3 (3), 3.3 (4),

2.3 (5),1.6 (6), 1.1 (7) K. The solid lines are a guide

to the eye and the dashed line describes a linear extrap-

olation of the RF data used for the H.»(T') determina-
tion

note, however, that the resistance may not be an in-
trinsic property and may be related to the poor grain
connection in our polycrystalline samples. Therefore,
to obtain a better test for the onset of the supercon-
ducting transition, we measured the RF susceptibility.

Figure 9 shows a plot of the temperature depen-
dence of the resonant frequency f of our LC circuit as
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Fig.10. Temperature variation of the upper critical

magnetic field of a ZrB;2 sample. Different symbols
represent the data determined from p(H) (squares) and
f(H) (circles) data

a function of the longitudinal magnetic field. Changes
in the resonant frequency are directly proportional to
the RF susceptibility of the sample. To deduce Hqo(T),
we used a straight-line fit representing the maximum
of the derivative df /dH (the dashed line in Fig. 9).
This straight line was extended up to the normal-state
frequency values. We determined H.o as the cross-
ing point of this line with the normal-state frequency
fn(T). As we can see from Fig. 9, this point is very
close to the onset point of f(T') in this plot, which
makes determination of H.»(T') more reliable.

Figure 10 presents the H.»(T') data that we deduced
from these two techniques. A remarkable feature of this
plot is a nearly linear increase of H., with decreasing
temperature for both data with no evidence of satura-
tion down to 1.1 K. To obtain the value of H.(0) from
our RF data, we assumed that

dHcQ
dT

at zero temperature [42]. This assumption yields
H.(0) = 0.11 T, which is substantially smaller than
the extrapolated value 0.15 T, apparently due to non-
BCS or two-gap behavior. Nevertheless, we used this
extrapolated number to obtain the coherence length
£(0) by employing the relation H.»(0) = ¢q/2mE%(0),
where ¢y is the magnetic flux quantum. It yields
£(0) = 60 nm, the value which is substantially larger
than a few-angstrom coherence length of high-7,. super-
conductors. The accuracy of our A\(T') measurements in
ZrBi> did not allow us to determine the absolute values
of A(0). Therefore, the Ginzburg—Landau parameter

H,»(0) = 0.71T,
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k = A/ cannot be determined from these measure-
ments.

Taken as a whole, the temperature dependence
of H. for ZrBiy is very similar to that found for
MgB- [43,44] and BaNbO, [45] compounds. Unlike
in the conventional BCS theory [42], the Ho(T) de-
pendence is linear over an extended region of temper-
atures with no evidence of saturation at low tempera-
tures. Although the origin of this feature is not com-
pletely understood, similar linear H.o(T') dependences
have been observed in other high borides and oxide
compounds [43-45].

6. CONCLUSIONS

We successfully performed syntheses of polycrys-
talline samples of dodecaboride ZrBis and diboride
MgBs. We systematically studied the temperature de-
pendences of the resistivity p, the magnetic penetration
depth A, and the upper critical magnetic field H.o in
these compounds. The electron transport and super-
conducting properties have been compared with the
aim to shed light on the origin of superconductivity
in borides. Although the standard Bloch— Griineisen
expression describes the resistivity data in ZrBqs fairly
well, a better fit was obtained by adding an electron—
electron scattering T2-term in the p(T') dependence of
MgB,. This square term dominates the p(T") depen-
dence below 150 K in MgB», although is almost zero
for ZrBys.

The temperature dependence of A of both polycrys-
talline and thin-film MgBs samples is well described
by an s-wave behavior of the order-parameter symme-
try. Our value of the reduced superconducting gap
in MgB, samples (2A(0)/kpT, = 1.6) is significantly
smaller than the weak coupling BCS value. However,
this value is in a very good agreement with other direct
probe measurements of the smaller gap on the 7-sheets
of the Fermi surface. At the same time, we find that
A in ZrBis has a linear temperature dependence over
an extended region of temperatures. This feature may
be indicative of the d-wave pairing, although additional
measurements are needed for the final conclusion. We
find that the upper critical field H.o(T) deduced from
RF data is almost the same as that obtained from the
resistive data. Both techniques demonstrate an uncon-
ventional linear temperature dependence of H.p, with
a considerably lower value of H.5(0) = 0.15 T. We be-
lieve that these observations are clear indicators of the
unconventional behavior of electron transport and su-
perconducting properties of dodecaboride ZrBjs.
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Electron transport, penetration depth ...
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