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Two-gap superconductivity in ZrB,,: Temperature dependence of critical magnetic fields

in single crystals
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We report the measurements of the temperature dependence of the resistivity, p(7), magnetic penetration
depth, N(7), the lower, H,;(T), and upper, H.,(T), critical magnetic fields, for single crystals of dodecaboride
ZrB,, diboride ZrB,, and thin films of diboride MgB,. We observe a number of deviations from conventional
behavior in these materials. Although ZrB;, behaves like a simple metal in the normal state, the resistive
Debye temperature, 300 K, is three times smaller relative to that (800—1200 K) calculated from the specific
heat, C(T), data. We observe predominantly quadratic temperature behavior of resistivity in ZrB, below 25 K
and in ZrB, below 100 K, indicating the possible importance of the electron-electron interaction in these
borides. Superfluid density of ZrB, displays unconventional temperature dependence with pronounced shoul-
der at T/T. equal to 0.65. Contrary to conventional theories we found a linear temperature dependence of
H(T) for ZrB, from T, down to 0.35 K. We suggest that both A\(7) and H,(T) dependencies in ZrB, can be

explained by a two band BCS model with different superconducting gap and 7.
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I. INTRODUCTION

The recent discovery of superconductivity in magnesium
diboride! has initiated a substantial interest in potential high
temperature superconducting transition in other borides.” Yet,
only nonstoichiometric boride compounds (MoB, s, NbB, s,
Mo,B, W,B, BeB,;s) demonstrate such transition.>"® The
absence of superconducting transition in stoichiometric
borides is clearly not in line with the old idea about super-
conductivity in metallic hydrogen’ recently applied by Kor-
tus et al.® to explain superconductivity in MgB,. A potential
clue to this contradiction my lay not in the small mass of the
boron atoms but rather in crystal structure of these boron
compounds, in particular in their cluster structure. Crystal
structure clearly plays an important role in superconduct-
ivity. Although it is widely accepted that the layered structure
is crucial for high-T,. superconductivity, one can argue that
clusters of light atoms are important for high-7,. as well.
In particular, there are a number of rather high-7,. super-
conductors among three-dimensional (3D) cluster com-
pounds. Those are alkali metal doped Cg, compounds (ful-
lerides) Me;Cgqy (Me=K, Na, Rb, Cs) with the highest T, up
to 33 K for RbCs,Cg.>!? It is also known that boron atoms
form clusters. These are octahedral By clusters in MeBg,
icosahedral B, clusters in S-rhombohedral boron, and cubo-
octahedral B, clusters in MeB ;.

The quest for superconductivity in these cluster com-
pounds has a long history. Several superconducting cubic
hexaborides, MeBg, and dodecaborides, MeB,,, have been
discovered by Matthias et al. back in late 1960’s'" (Me=Sc,
Y, Zr, La, Lu, Th). Many other cluster borides (Me=Ce, Pr,
Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm) were found to be ferromag-
netic or antiferromagnetic.'"!> It was suggested? that the su-
perconductivity in YBg and ZrB, (T, of 6.5-7.1 and 6.03 K,
respectively?) is exactly due to the effect of a cluster of light
boron atoms. At the same time, a much smaller isotope effect
on T, for boron in comparison with Zr isotopic substitution
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suggests that the boron in ZrB, serves as inert background
for the Zr-driven superconductivity.!>!* Clearly a systematic
study of ZrB, is needed to address the question of supercon-
ductivity in this compound.

Superconductivity in ZrB,-based compounds was dis-
covered a while ago,“ however, there has been little and
controversial effort devoted to the study of basic supercon-
ducting and the electron transport properties of these com-
pounds. In our recent study of the electron transport and
superconducting properties of polycrystalline ZrB,,,!>!8
we demonstrated that this compound behaves like a normal
metal with the usual Bloch-Griineisen dependence of
p(T) but with rather low resistive Debye temperature
(Tx=280 K). The latter is almost three times smaller than
Debye temperature obtained from specific heat C(T) data.'”
We observed linear temperature dependence of N(7) below
T,/2 which could be evidence of d-wave pairing in this com-
pound. Furthermore, contrary to conventional theories, we
found a linear temperature dependence of H.,(7T). Recently
the band structure calculations of ZrB;, (Ref. 20) have been
also reported. It was concluded that the band structure of
ZrB, is composed of one open and two closed Fermi surface
sheets.

Our data contradict the report of Daghero et al.?' dealing
with the point-contact spectroscopy (PCS) of single crystals
of ZrB, at temperatures close to 7,. In Daghero’s report it
was concluded that ZrB, is a strong coupling s-wave super-
conductor, with 2A(0)/kgT,.=4.7. Tsindlekht et al.?> came to
a similar conclusion from tunneling and magnetic character-
ization of ZrB, single crystals at the temperatures also very
close to T, (4.5-6 K). Lortz et al.'® and Wang et al.? re-
ported C(T), p(T), magnetic susceptibility, and thermal ex-
pansion measurements of ZrB, samples prepared by one of
us (V.A.G.) and concluded that it is a single gap marginal
BCS superconductor which undergoes transition from a
type-I superconductor near 7, to a type-II superconductor
below 4.6 K with 2A(0)/kgT.=3.7, the value that is lower
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FIG. 1. Lattice structure of dodecaboride ZrB,. For clarity B,
clusters are shown only on the upper face of the lattice.

than that obtained from PCS (4.7)*' and scanning tunneling
microscopy data.’> A large difference in H,, characteristics
reported in the above-mentioned papers was discussed in
terms of surface superconductivity. Most of the features of
MgB, discovered so far can be explained by a two band
superconductivity model.>* We believe that a test of the pre-
dictions of this model for ZrB, may explain observed con-
troversy of published data. Knowledge of the electron trans-
port and superconducting properties in this cluster compound
is crucial for understanding these conflicting results.

This has been the motivation for current systematic study
of the temperature dependencies of p(T), N(T), lower H,,(T),
and upper H,,(T), critical magnetic fields in single crystals of
ZrB,. In this paper, we confirm unusual superconducting
properties of ZrB;, observed in Refs. 15-18 and argue that
the published results can be reconciled by two-band super-
conductivity. Comparative data from ZrB, single crystals and
thin films of MgB, are also presented.

The structure of this paper is as follows. In Sec. II we
report on the samples details and experimental techniques.
Section III describes the electron transport in these com-
pounds and Sec. IV describes the temperature dependence of
N(T) in ZrB;, samples and MgB, thin films. The data on
H,.(T) and H.,(T) are presented in Sec. V. Section VI con-
tains our conclusions.

II. EXPERIMENTAL SETUP

Under ambient conditions, dodecaboride ZrB, crystal-
lizes in the fcc structure of the UB;, type (space group
Fm3m, a=0.74075 nm,?>>?° see Fig. 1). In this structure, the
Zr atoms are located at interstitial openings among the close-
packed B, clusters. In contrast, ZrB, shows a phase consist-
ing of a two-dimensional graphitelike monolayer of boron
atoms with a honeycomb lattice structure and the lattice pa-
rameters a=0.30815 nm and ¢=0.35191 nm (space group
P6/mmm), intercalated with a Zr monolayelr.2

Our ZrB;, and ZrB, single crystals were grown using a
floating-zone method'”'82> similar to Ref. 26. The obtained
single crystal ingots had a typical diameter of about
5 to 6 mm and a length of 40 mm. Measured specific weight
of the ZrB, rod was 3.60 g/cm’, in a good agreement with
the theoretical density. The cell parameter of ZrBj,,
a=0.74072+0.00005 nm, is very close to the published
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FIG. 2. Etching pattern of a ZrB, single crystal cross section in
the (100) plane from the same parts of ingot as in Refs. 19 and
21-23. The needlelike long grains are ZrB, phase, while the small
black lines correspond to etching pits from small angle boundaries.

values.”® To assure good quality of our samples we per-
formed the metallographic and x-ray investigations of as-
grown ingots. We discovered that most parts of the ZrB,
ingot contained a needlelike phase of nonsuperconducting
ZrB, (see Fig. 2). We believe that ZrB, needles are due to
preparation of ZrB, single crystals from a mixture of a cer-
tain amount of ZrB, and an excess of boron.'®?> Therefore
special care has been taken to cut the samples from ZrB,
phase-free parts.

For this study, two highly crystalline, superconducting
films of MgB, were grown on an r-plane sapphire substrate
in a two-step process.”’ Deposition of boron precursor films
via electron-beam evaporation was followed by ex sifu post-
annealing at 890 °C in the presence of bulk MgB, and Mg
vapor. We investigated films of 500 and 700 nm thickness,
with corresponding 7.’s of 38 and 39.2 K, respectively. The
details of the preparation technique are described
elsewhere.?’

We used the spark erosion technique to cut the single
crystal ingots into rectangular (100) oriented bars of about
0.5%0.5X 8 mm?>. The samples were lapped with diamond
paste and etched in boiled nitrogen acid to remove any dam-
age induced by lapping deteriorated surface layers. A stan-
dard four-probe ac (9 Hz) technique was used for resistance
measurements. We used Epotek H20E silver epoxy for elec-
trical contacts. Because the sample has a shape of a long
rectangular bar its demagnetization factor is nearly zero. A
well-defined geometry of the samples provided for the pre-
cise p(T) and superconducting properties measurements.
Temperature was measured with platinum (PT-103) and car-
bon glass (CGR-1-500) sensors. The measurements were
performed in the liquid helium variable temperature cryostat
in the temperature range between 1.3 and 350 K. Magnetic
measurements of p(7T,H) and N(T',H) were carried out using
a superconducting coil in applied fields of up to 6 T down to
1.3 K. Additional dc and ac p(H) measurements were per-
formed in the National High Magnetic Field Laboratory in
Tallahassee, Florida (NHMFL) at temperatures down to
0.35 K. The dc magnetic field was applied in the direction of
the current flow. The critical temperature of the ZrB;,
samples, measured by ac susceptibility and p(7), was found
to be 7,,=6.0 K.
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We used the radio frequency LC technique® to measure
N(T) of ZrB,, samples. This technique employs a rectangular
solenoid coil into which the sample is placed. The coil is a
part of the LC circuit driven by a marginal oscillator operat-
ing at 2—10 MHz, or by the impedance meter (VM-508
TESLA 2-50 MHz). Changes in \(T) of the sample lead to
the change of the coil’s inductance that in turn results in the
change of the resonance frequency of the LC circuit. The
connection between parameters of the circuit and \(7) is
described by following equation:

2 2
NMT) - N(0) = 6%. (1)
Here 6=0.5(c’>p/2mw)"? is the imaginary part of the skin
depth above T.,%° which was determined from the p(7) mea-
surements close to T, f(T) is the resonance frequency of the
circuit at arbitrary temperature 7, and f(7,) and f(0) are the
resonance frequency of the circuit at the superconducting
transition and at zero temperature, respectively.

The A(T) dependence in thin MgB, films was investigated
employing a single coil mutual inductance technique. This
technique, originally proposed in Ref. 30 and improved in
Ref. 31, takes advantage of the well-known two-coil geom-
etry. It was successfully used for the observation of the
Berezinskii-Kosterlitz-Thouless vortex-antivortex unbinding
transition in ultrathin YBa,Cu;0;_, films*? as well as for
study of the \(7) dependence on MgB, films.?? In this radio-
frequency technique one measures the temperature depen-
dence of the complex impedance of the LC circuit formed
with a one-layer pancake coil located in the proximity
(=0.1 mm) of the film. Both sample and coil are in a
vacuum, but the coil holder is thermally connected with 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 has been varied from 2.5 up
to 100 K. Such design allows us to eliminate possible effects
in temperature changes in L and C on the measurements.

The complex mutual inductance M between the coil and
the film can be obtained through

ReM(T)=L0< o -1) (2)
A )

2
Im M(T) = S } )]

1 1 1
[277f(T)]3C2[Z(T) 2T f

Here L, Z(T), f(T), Ly, Z(0), and f,, are the inductance, the
real part of impedance, and the resonant frequency of the
circuit with and without the sample, respectively. In the Lon-
don regime, where the high frequency losses are negligible,
one can introduce A Re M(T)—the difference between tem-
perature dependant real part of M of the coil with the sample,
Re M(T), and that of the coil at T, Re M(T,). This differ-
ence is a function of the London penetration depth \(7):
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FIG. 3. (Color online) Temperature dependence of p(7) for
ZrB, (circles) and ZrB, (squares) single crystal samples. The solid
lines represent BG fits to the experimental data by Eq. (5). The
dashed line is * BG fit below 170 K with T;=283 K as in Ref. 21.

* M(q)dg

ARe M(T) = 7y J . 4)

0 d
1 +2¢gA coth X

where M(q) plays the role of mutual inductance at a given
wave number ¢ in the film plane and depends on the sample-
coil distance, d is the sample thickness (additional details can
be found in Ref. 31). A change in A Re M(T) is detected as a
change of resonant frequency f(7) of the oscillating signal
through Eq. (2). This change when put into Eq. (4) yields
temperature dependent London penetration depth \(T7).
Thanks to Eq. (4), we can measure the \(7T) of superconduct-
ing film by measuring the variation A Re M(T) of coil im-
pedance and convert them into \(T).

III. ELECTRON TRANSPORT

Figure 3 shows the temperature dependence of p(T) of
ZrB, and ZrB, single crystal samples. To emphasize the
variation of p(7) in a superconductive state, we plot these
data in the inset. The transition temperature (7,(,=6.0 K) is
consistent with the previously reported values for ZrB,
(6.03 K)'13 and is larger than that of ZrB, polycrystalline
samples (5.5 K).> The ZrB, samples demonstrate a remark-
ably narrow transition with A7=0.04 K. We believe that
such a narrow transition is an indicator of the good quality of
our samples.

Figure 3 does not show any hints of the superconducting
transition in ZrB, single crystals down to 1.3 K,'® even
though superconductivity was observed before at 5.5 K in
polycrystalline samples.” It was recently suggested that this
apparent contradiction could be associated with nonstoichi-
ometry in the zirconium sublattice. Based on the electron
structure calculation it was suggested that the Fermi level in
ZrB, is located in the pseudogap.’* The presence of Zr de-
fects in Zry;sB, leads to the appearance of a very intense
peak in the density of states in the vicinity of the pseudogap
and subsequent superconductivity. We strongly believe that
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observation of superconductivity at 5.5 K in polycrystalline
samples of ZrB, was due to nonstoichiometry of our
samples. It is likely that recent observations of superconduc-
tivity in nonstoichiometric Nb,_,B, compounds*> as well as
in other nonstoichiometric borides*® have the same origin.
As we can see from Fig. 3, despite the fact that ZrB,
contains mostly boron, its room temperature p(7) is only
twice as large as that of single crystal samples of ZrB,. The
p(T) of ZrB, is linear above 90 K with the slope markedly
steeper than in ZrB,, with rather low residual resistivity ratio
P300 k/Pe k= 10. One can predict a nearly isotropic p(7T)
dependence for fcc ZrB,,, which can be described by
the Bloch-Griineisen (BG) equation of the electron-phonon

(e-p) scattering rate:>

1/t xSex

d
Mﬂ—mm=4mﬁf = =4p A1), (5)

0 (ex_ 1)2

Here, p(0) is the residual resistivity, p;=dp(T)/dt is the
slope of p(T) at high T>Ty, t=T/Tk, Ty is the resistive
Debye temperature, and J5(1/¢) is the Debye integral.

It is clear from Fig. 3 that the BG model nicely describes
the p(T) dependence of both borides, indicating the impor-
tance of e-p interaction. It is remarkable that this description
works well with constant 7»=300 K, which is very close to
Tx=280 K observed on polycrystalline samples.'® Clearly,
Z1B, (Tx=700 K) and ZrB, have very different p(T) depen-
dence due to different 7. At the same time the phonon De-
bye temperature, T, for ZrB,, calculated from C(7) on
rather large samples (4.7 X4.8X2.9 mm?) prepared by one
of us (V.A.G.) (without metallographic study),'>?* is three
times higher. Furthermore, T}, increases from 800 to 1200 K
as temperature rises from 7, up to room temperature.
We believe that this inconsistency of 7 and Tj can be ex-
plained by limitation of Ty by a cutoff phonon wave vector
q=kgT/hs. The latter is limited by the Fermi surface (FS)
diameter 2k, (Ref. 36) rather than the highest phonon fre-
quency in the phonon spectrum.'® Besides some problems
may arise in Refs. 19 and 23 due to use of ZrB, phase rich
samples as in Fig. 2 (see below).

Actually, p(T) of ZrB,, and ZrB,, samples deviates from
the BG model at low temperatures.'® We have reported for
ZrB1,, ZrB,, and MgB, that such deviation is consistent with
a sum of electron-electron (e-¢), aT?, and e-p, bT, contribu-
tions to the low-T p(T) data. The coefficient b=497.6p,/T5
in this plot gives another measure of Ty from low-T p(7)
data. We found this Ty in a good agreement with that ex-
tracted from full-7" BG fit for both ZrB, and ZrB,, samples.
Therefore the data extracted from this two-term fit are self-
consistent with the full Eq. (5) fit. We would like to stress
that this observation is only possible in the approximation of
constant Ty, which is in contradiction with specific heat
data.’ Notice also that the e-p contribution to resistivity
p(T) can be described through’’

1/t
p&ﬂmj o (k,w)F(0)® (e, w)dw, (6)
0

where o?(k,w)F(w) is the effective Eliashberg density of
states of the phonons, that is e-p coupling function a?(k, w)
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multiplied by the phonon density of states F(w) with energy
fiw.>” The a*(k,w) is proportional to the matrix element of
e-p coupling averaged over phonon polarization, but only
longitudinal phonons are responsible for e-p scattering for
spherical FS. At the same time, the phonon specific heat,
C(T), can be expressed as

1t
Con= 3RJ Flw)®(w)do. (7)
0

Here ®(e,w) and ®(w) are the occupation factors for e-p
and phonon systems, respectively.’” This means that different
phonons are responsible for e-p p(T) and C(T). In particular,
the transverse phonons are much less important for e-p scat-
tering whereas both transverse and longitudinal phonons
equally contribute to C(7).

Borides have rather high 7, that depresses the e-p
scattering, as a result the e-e scattering term may be much
more pronounced. Indeed, we find very similar values of
a-coefficient for ZrB, and ZrB, samples in the basal plane
(a=22 and 15 pQ cm K2, respectively).'® It is interesting to
note, however that these values are five times larger than the
e-e term for transition metals [ay,=2.5 pQ cm K2 and ay
=1.54 pQ cm K2 (Ref. 18)]. In general, there are many scat-
tering processes responsible for the 72 term in p(7) of met-
als. This term could be due to electron-impurity, electron-
dislocation scattering, etc., induced deviation from
Mattiessen rule. It is difficult to separate the contributions of
these effects, thus it is presently not clear where exactly this
T? term comes from.'® Therefore additional experiments on
more pure samples must be performed before a final conclu-
sion about the origin of the 72 term in borides can be drawn.

As we mentioned in the Introduction of this paper, there is
a contradiction between our description of the p(T) and that
of Refs. 19 and 21. Daghero et al. suggested BG fit with 3
dependence rather than > on the similar single crystals at low
T<170 K.?' The fit assumed model w? dependence for the
a?(k,w)F(w) in Eq. (6). Such assumption yielded a good fit
to their data at 7<<170 K with the T(,=283 K similar to our
value of 300 K. We would like to stress, however, that there
are strong objections to this modified #* BG model.'® The
main problem of this approach is that it completely ignores
intrasheet small angle e-p scattering responsible for T° law
and takes into account only intersheet scattering events. No
evidence of this model was observed in transition and non-
transition metals. To check the approach of Daghero’s group
we used it for our data. Figure 3 displays the BG fit with
p(T)=p(0)=£3J5(1/1) in Eq. (5) at T<170 K (dashed line).
It is clear that this fit is far from consistency at higher 7. We
believe this is an indication that p(7T) cannot be fitted by a
modified BG #* equation in the whole temperature range. We
suggest that a sum of 7% and T° contributions to the low-T'
p(T) may be easily confused with a 73 law.'® Notice that our
observation of BG T? intraband p(7) dependence rather then
intersheet 7° law is very important for the given below two-
T, model of two-gap superconductivity for ZrB,. In fact,
this model is right in the limit of zero interband coupling.
The two bands coupling converge two T to a single one.
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Lortz et al.'® report temperature dependence of p(7) ob-
tained on the samples cut from ones provided by our group.
The p(T) is nearly identical to our data, however, interpreta-
tion is different. Lorts et al. fitted p(T) with the generalized
Bloch-Griineisen formula using a decomposition into Ein-
stein modes of a*(k,w)F(w). The same approach was ap-
plied to C(T) data and it was concluded that there are simi-
larities between F(w) determined from C(7) and
a?(k,w)F(w) from p(T). However the fit to p(T) data was
obtained using six fitting parameters for a;F, and p(0). We
believe such fit is not better than a simple Debye Eq. (5) fit
with just two parameters: T and p(0). Furthermore, it is not
clear whether the Einstein model is applicable to ZrB,. Fi-
nally, we note also that only phonons with a phonon wave
vector g=kyT/hs <2ky can participate in p(T).3® Thus Ty is
limited by the FS diameter 2k rather than the highest pho-
non frequency in the phonon spectrum, which in turn is im-
portant for T}, Notice also that unconventional 7p(7T) depen-
dence observed from C(T) data in Refs. 19 and 23 may be
due to the sample problems (see Fig. 2).

IV. PENETRATION DEPTH

In the BCS theory the London penetration depth is iden-
tical with N(T) for specular and diffuse surface scattering and
for negligible nonlocal effects. For a BCS-type supercon-
ductor with the conventional s-wave pairing form, the A\(7)
has an exponentially vanishing temperature dependence be-
low T./2 (where A(T) is almost constant):3

wA(0) A(0)
2T eXp(_ kBI‘)} ®

NT) = )\(0)[ 1+

for clean limit: /> ¢ and

1

w22 Y
tanh
2kyT

NT) =N (0)

for dirty limit: /< £3° Here A(0) is the energy gap and \(0)
is the penetration depth at zero temperature. Close to T, AN(7)
dependence has a BCS form:?’

Important problems for N(7) measurements are (i) deter-
mination of basic superconducting parameter \(0) and (ii)
temperature dependence law, to see whether s-wave or
d-wave pairing forms exist. Both these problems can be ad-
dressed from low-T \(T) dependence according to Egs. (8)
and (9). We used Eq. (1) to extrapolate the resonance fre-
quency f(T) of our LC circuit down to zero temperature. The
inset to Fig. 4 shows f~2(T) < \(T)-\(0) used for determina-
tion f(0). We would like to stress that one can use linear
dependence of f~2(T) and hence \(7)-\(0) below 3 K,">7
due to uncertainty with f(0).

NT) = (10)
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FIG. 4. (Color online) Temperature variation of the N(T) vs T/T,
for ZrB, single crystal (circles) and MgB, thin film (squares) be-
low 0.55T,. Solid curves represent the single gap dirty limit fit [Eq.
(9)] and the dashed line represent the clean limit fit [Eq. (8)] for
MgB, and ZrB ,. Inset shows f~2(T) and a result of fit by Egs. (1)
and (9).

The unconventional d-wave pairing symmetry causes the
energy gap to be suppressed along nodal directions on the
FS. This type of pairing should manifest itself through the
linear temperature dependence of N(7T)—A(0)T at low T.
Such a linear T dependence of A(T) has been used as an
fingerprint of d-wave pairing in cuprates.*>*! At the same
time the microwave A(7T) data in fully oxygenated YBCO
films show a picture which is consistent with the two-band
s-wave superconductivity.*> Recently, it was suggested*® that
a strictly linear T dependence of A(7) at low temperatures
violates the third law of thermodynamics because it results in
nonvanished entropy in the zero temperature limit. One can
argue that a deviation of the linear T dependence of \(7T)
should be observed at low-T7. Indeed, recent experiments on
N(T) in cuprates indicate deviations from linearity at low-T
from current carrying zero energy surface Andreev bound
states.** We believe that the question about linear depen-
dence of N(7) is still open therefore we use BCS Egs. (8) and
(9) to fit our data.

The dashed curve in the inset to Fig. 4 is a result of the fit
by aid of BCS Eq. (9) for N(T) with f(0) and A(0) as free
parameters. Equation (1) defines the difference between ex-
trapolated A(0) at zero temperature and that at the arbitrary
temperature 7, A(T)—N(0). We would like to stress that
N(T)—\(0) data are robust relative to the change of the os-
cillator frequency. We observed no change in data when os-
cillator frequency has been increased from 2 to 10 MHz.
Figure 4 shows how \(T)—\(0) changes with reduced tem-
perature, T/T,, at low T for both MgB, (squares) and ZrB,
(circles). Our ZrB,, data do not extend to as low reduced
temperatures as our data for MgB,. This could lead to some-
what larger uncertainty in the estimates for the zero tempera-
ture resonance frequency f(0), and hence \(0)=66 nm and
A(0) from low-T data for ZrB,.

To address the problem with \(0) we plot A(T)—A(0) data
versus BCS reduced temperature: 1/y2(1-7/T,) in the re-
gion close to T, (see inset to Fig. 5). The advantage of this
procedure is the insensitivity of such analysis to the choice
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FIG. 5. (Color online) Temperature variations of N\(7) for ZrB,
sample. The inset shows N(7)—\(0) vs BCS reduced temperature.

of f(0) on this temperature scale. The value of 7,=5.992 K
used in this data analysis is obtained by getting best linear fit
of the N(T)=\(0) vs [2(1=T/T,)]"2 plot. Remarkably there
is only a few millidegrees difference between 7, obtained
from the fit and actual T,. We use the slope of N(T)—\(0) vs
1/y2(1-T/T,) and Eq. (10) to obtain the value of A(0)
=143 nm. To assure that this N(0) is in agreement with low-
T data, we fit the f~> vs T data with Eqgs. (1) and (9) using
fixed A(0)=143 nm and free A(0) at low 7. This fit is shown
in the inset to Fig. 4 by the solid curve. It is clear from this
inset that high-7 \(0) is in agreement with low-T experimen-
tal data.

After completion of the analysis of the residual pene-
tration depth we attempt to estimate the residual mean
free path /. In particular we employ Drude formula [p(0)
=3/Nylvpe*] where we use measured p(0)=1.8 uQ)cm,
the electron density of states determined from C(7) data,
Ny=1.83 X 1072 st/eV cm,>? and the electron Fermi velocity
of vy=1.9X 10 cm/s [determined from E(k) data®], to ob-
tain /=33 nm. This value is smaller than a coherence length
[£(0)=45 nm, see below] indicating that our samples are in
dirty limit. This is confirmed in Fig. 4 by slightly better fits
of the N(T)—\(0) with Eq. (9) up to T/T.=0.5 (solid curve)
relative to the clean limit [Eq. (8)] (dashed curve). In order to
investigate the temperature dependence of \(7) in the whole
temperature region, in Fig. 6 we plot the superfluid density
N2(0)N*(T) versus the reduced T/T, for the ZrB,, sample
using the N\(0)=143 nm determined from one gap fit close to
T, [Eq. (10)] and A(0)=66 nm as determined from low-T fit
[Eq. (9)], for comparison.

One can easily notice from Fig. 6 an unconventional be-
havior of ZrB, superfluid density with pronounced shoulder
at T/T,. equal to 0.65 for both A(0). This feature can be
explained by a model of two independent BCS supercon-
ducting bands with different plasma frequencies, gaps, and
T,’s.** We label these two bands as p- and d-bands according
to electron structure of ZrB;,.2> Assuming parallel currents
through alternating subsystems, the conductivity is a sum of
partial bands conductivities. The imaginary part of the con-
ductivity is proportional to 1/A\%, thus we can write in dirty
limit:*
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FIG. 6. (Color online) Superfluid density, [N(0)/\(T)]?, of the
ZrB|, sample for the N(0)=143 nm (open circles), A(0)=66 nm
(small circles), and MgB, thin film (squares). The predicted behav-
ior of [A(0)/\(T)]* within the two band model as described in the
text is shown by the solid, dashed (p-band), and dotted (d-band)
lines. The solid line represents single band BCS fit of MgB, data
using 2A(0)/kgT, as fit parameter.
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Here A; is the superconducting energy gap and \;(0) is re-
sidual penetration depth in the p- or d-band. Using this
two gap A(T) BCS-like dependence and interpolation for-
mula A(T)=A(0)tanh(1.88\T./T—1) we fit the experi-
mental data with six fitting parameters: \;, A;, and TZ From
this fit we obtain 72=6.0 K, T¢=4.35 K, A,(0)=0.73 meV,
A0)=2.1 meV, A,(0)=172 nm, and \,(0)=260 nm, for
p- and d-bands, respectively. Dashed and dotted lines in Fig.
6 show the contributions of each p- and d-band, respectively.
Clearly low temperature dependence of A\*(0)/\*(T) is domi-
nated by the d-band with the smallest 7., whereas the high
temperature behavior results from the p-band with the larger
T.. Notice that this analysis was applied for more reliable
N(0)=143 nm data. The reduced energy gap for p-band,
2A,(0)/kgT?=2.81, is rather small relative to the BCS value
3.52, while d-band value, 2Ad(0)/k37‘5=6.44, is twice as big.
Thus we suggest that ZrB |, may have two superconducting
bands with different 7. and order parameters. Notice that this
unusual conclusion may be right for two bands in the limit of
zero interband coupling in agreement with resistivity data.
Also, the A(0) of ZrB;, may not be constant over the Fermi
surface. Here we just tried to fit a data assuming two gap
distinct values.

We based our conclusion on the two-gap model for dirty-
limit superconductors, suggested by Gurevich.* In this
model, we can write

L _4me (N,A,D +N,A,D,) LN
= + = +
NA(0) A PP TN 0) T N5(0)

)

(12)

where N;, A, and D; are the density of states, the energy
gap, and the diffusivity in p- and d-bands, respectively.
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The calculated band structure of ZrB;, is composed of
three Fermi surface sheets: an open sheet along the T'L
direction with kpy=0.47 A~!, a quasispherical sheet at
point X (kyyr=0.37 A7), and a small sheet at point
K (kgr=0.14 A=1).20 It is not clear from Ref. 20 whether the
wave functions of carriers on these sheets are due to pre-
dominantly p- or d-states. However, it follows that the domi-
nant contribution to the density of states N(Ej) is made by
the Zry, and B,, states, w1th N,=7.3x%10%! st/eV cm® and
N,=8.7x 10*! st/eV cm?, respectively.?’ The B, bonding
states are responsible for the formation of B, intracluster
covalent bonds. In turn, Zr,,; bands are due to Zr sublattice.
A much smaller boron isotope effect on 7, in comparison
with Zr isotopic substitution'3!* may be an indication of the
existence of two separate subsystems with different gaps and
T. values. We use this two band approach [Eq. (12)] to obtain
p-band diffusivity of D,=57 cm?/s and d-band diffusivity of
D,=10 cm?/s. Note that there is almost a six times differ-
ence between the p- and d-band diffusivity. We use this re-
sult for our discussion of H,,(7) data in the following para-
graph.

The important goal of this paper is comparison of
ZrB, and MgB, data. For comparison, in Fig. 4 we show the
temperature variation of A(7) and in Fig. 6 a N%(0)/\*(T)
versus reduced temperature 7/7, for the best MgB, film
as determined from the one-coil technique [Eq. (2)] and
inversion procedure from Eq. (4) with A(0)=114 nm. The
solid line represents BCS single gap calculations by the aid
of a single term of Eq. (I11) and using finite energy gap
[A(0)=1.93 meV] as the fit parameter. According to Fig. 6,
there is a very good agreement between experimental data
and the single band BCS curve over the full temperature
range. Simple conventional s-wave dirty case fit by Eq. (9)
agrees remarkably well with the low-7 data at T<<T,./2 too.
The reduced energy gap 2A(0)/kgT. is evaluated to be 1.2. Tt
is actually within the range of values for 3D 7 bands ob-
tained by PCS on MgB, single crystals [A(0)=2.9 meV],*
and it agrees with N(7) data obtained from similar radio-
frequency experiments on single crystals (1.42 meV#), thin
films (2.3 meV33), and with the theoretical prediction of the
two-band model.?* Rather small 2A(0)/kzT, observed corre-
spond to the smallest energy gap in the two-gap model for
the 3D 7 band. Notice that we studied here the penetration
depth in the ab plane due to the samples being c-axis ori-
ented thin films. This feature predicts that our \,(7) is de-
termined by the small energy gap for the 7r-band. Both \(0)
and A(0) are consistent with microwave measurements on
similar c-axis oriented thin films (107 nm and 3.2 meV,
respectively).*

V. UPPER AND LOWER CRITICAL MAGNETIC FIELD

We now turn to the electronic transport data acquired in
magnetic field. We measured the dependence of p on mag-
netic field A in the temperature range between 0.35 and 6 K
in two different magnets at NHMFL, Tallahassee, FL as well
as in our superconducting coil. The first magnet was resistive
coil Bitter magnet, and second one was superconducting
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FIG. 7. (Color online) Resistivity of ZrB, in the vicinity of the
superconducting transition as a function of H at different 7: 5.45,
5.08, 4.9, 4.26, 3.72, 3.26, 2.59, 2.16, 1.85, 1.39, 1.05, and 0.35 K
from left to right. The dotted line and the arrows describe how the
H,, has been established. The inset shows the R(H)/R, near the
transition at 7=2.3 K for the same sample (right line) and a sample
cut from the ZrB, rich part of an ingot (left curve).

magnet. Figure 7 displays the resistive magnetic field transi-
tions at various temperatures down to 0.35 K in the field
oriented along the sample bar. Two features are clearly seen:
(i) as temperature decreases the resistive transition continu-
ously moves to higher fields without any saturation, and (ii)
longitudinal magnetoresistivity in the normal state is very
small. We used several different approaches to extract H,(7)
from our data. Initially, we extended the maximal derivative
dp/dH line (dashed line in Fig. 7) up to the normal state p(7)
level. The crossing point of thlS line and the normal state
p(T) gave us the estimate for H at various temperatures, as
is indicated by the arrow. Desplte a clear broadening at the
higher fields, the onset of the resistive transition remains
well-defined even at rather low temperatures. To obtain an
alternative estimate for H,,, we fitted the field dependence of
p(H) by a cubic polynomial and calculated the derivative
dp/dH. We defined H,, as the field where dp/dH just starts
to deviate from zero (see Fig. 7). It is important to mention
that even in single crystalline samples the resistance can be
affected by the defects and surface superconductivity. To get
even better fill for H,, we used our N(H) data. Figure 8
shows a plot of the N\ versus the longitudinal magnetic field
H measured at various temperatures. [We use the same rect-
angular coil LC technique as for zero field N(7) measure-
ments.] To avoid demagnetization effects like in Refs. 19 and
21-23 we oriented our bar-shape sample with its longer side
parallel to the external dc field. Changes in the magnetic
dependence of N(H) are directly proportional to the radio-
frequency susceptibility of the sample and reflect the bulk
properties of it. To deduce the H,, from A(H), we used ap-
proaches similar to those applied to p(T) data, i.e., a straight-
line fit representing the maximum of derivative d\/dH
(dashed line in Fig. 8) was extended up to the normal state.
H., was defined as a crossing point of this line with normal
state skin depth 6. Figure 8 clearly demonstrates a well-
defined onset of N(H) transition. We used this onset to esti-
mate H,,.

Figure 9 shows the magnetic field \(H) behavior at very
small fields. The N(H)—\(0) curves display clear linear de-
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FIG. 8. (Color online) Magnetic field variation of N(H) of a
single crystal ZrB;, sample at different temperatures: 5.66, 5.53,
5.02, 4.06, 3.45, 2.84, 2.15, and 1.43 K, from left to right. The solid
lines are guides for the eye. The dotted line and the arrows describe
how H:z and H_., have been deduced.

pendence at low fields caused by the Meissner effect. We
determined the value of H,; from the crossing point of two
linear dependencies below and above the break point on
N(H) (see Fig. 9).

Figure 10 presents the H_,(T) dependence obtained from
extrapolation of the maximum of slopes of both p(H) and
N(H), as well as those defined at the onsets of the finite p(H)
and A(H). In the same figure we also plot the H,;(T), ac-
quired by using the break point of N(H) criteria as the defi-
nition of the lower critical magnetic field. A remarkable fea-
ture of this plot is an identical linear increase of H., with
decreasing temperature for each of the methods of defining
H,,. As we can see from this figure, the H,, data obtained at
three different magnets agree remarkably well and are
aligned along corresponding straight lines indicating linear
H_,(T) dependence down to 0.35 K.

1.2

AH)-AM0) [um]

o
)

o
=)

3
Magnetic Field [mT]

FIG. 9. (Color online) Low magnetic field variation of A(7) of a
ZrB, sample at small fields at various temperatures: 5.8, 5.2, 4.8,
4.4, 3.8, 3.5, 3.1, and 1.5 K, from left to right. The solid lines are
guides for the eye. The dotted line is the linear extrapolation of the
data used for H.; determination.
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FIG. 10. (Color online) Temperature variations of H,,(7) and
H_(T) (stars) of ZrB,. Symbols: sz(T) determined from p(H)
(circles) and N(H) (squares) extrapolations; closed points are the
onset H,(T) data, as described in the text. Open circles and squares
are p(T) data obtained in NHMFL. Dotted line is the BCS H.,(T)
data determined from the HW formula (Ref. 50). The straight
crosses are PCS data (Ref. 21), tilted crosses are magnetization data
(Ref. 22), up triangles are C(H) data, and down triangles are the
p(H) data from Refs. 19 and 23.

To see whether one gap BCS model may work for ZrB,,
we extrapolate H,,(T) to zero temperature by use of the de-
rivative of dH_.,(T)/dT close to T, and the assumption that
the zero temperature H,(0)= 0.697.dH/dT|; . The re-
sulting H,,(0)=114 mT is substantially lower than the low
temperature onset data below 3 K (see Fig. 10). Linear ex-
trapolation of H.(T) to T=0 gives H,(0)=162 mT. This
value is almost the same as that obtained in the polycrystal-
line ZrB, samples (150 mT).'® We used this value to obtain
the coherence length &(0) by employing the relations
H_5(0)=¢py/27EX0). The latter yields £(0)=45 nm, which is
substantially larger than a few angstroms coherence length of
high-T',. superconductors.

In contrast to Refs. 19, 22, and 23 our estimations
agree well with the Ginzburg-Landau parameter x=M\/¢&.
Using our values of A, and A; data we obtain «,=3.8 and
k;=5.8. Both values of « are larger then 1/42 that im-
plies that ZrB, is clearly a type II superconductor at all 7.
Using the GL expression for H,,(T)=d¢, In k/4m\*> we ob-
tain H,,/H, =2«*/In k. From the value H.(0) obtained
above and the H,, data from Fig. 9, we find k=6.3 and
N(0)=280 nm which is in good agreement with the value
N\(0)=260 nm obtained from the two gap BCS fit for d-band.
One could argue that the H,,(T) obtained from our magnetic
field measurements of N(H) may reflect the flux entry field
because of the Bean-Livingston surface barrier, rather then
true H,;. However, the entry field Hz, =H, «/In k (Ref. 49)
is three times larger than H,. even when one uses
k=6.3, so if we assume «=23 given by a ratio of H,,/H,
we obtain zero temperature \(0)=1030 nm, which is unrea-
sonably large compared to one obtained from a BCS fit. This
result is another confirmation of our suggestions.

In contrast to the conventional BCS theory,® H ,(T) de-
pendence is linear over an extended temperature range with
no evidence of saturation down to 0.35 K. Similar linear
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H,,(T) dependence has been observed in MgB, (Refs. 51 and
52) and BaNbO,, (Ref. 53) compounds. One can describe this
behavior of upper critical field using the two gap approach.
According to Gurevich,* the zero-temperature value of the
H.,(0) is significantly enhanced in the two gap dirty limit
superconductor model:

HCZ(O) =

hoksT, ox (g>’ (13)

1.124\D,D, 2

as compared to the one-gap dirty limit approximation
H.(0)=pokgT./1.12hD. Here g is a rather complicated
function of the matrix of the BCS superconducting coupling
constants.

In the limit of D,<D; we can simply approximate
g=|In(D,/D,)|. The large ratio of D,/D, leads to the en-
hancement of H,,(0) and results in the upward curvature of
the H,,(T) close to T=0.%3 According to our \(7) data (see
above), we found very different diffusivities for p- and
d-bands: D,/D,~3. Thus we can speculate that the limiting
value of H,,(0) is dominated by d-band with lower diffusiv-
ity D,=17 cm?/s, while the derivative dH ,/dT close to T, is
due to larger diffusivity band (D,=56 cm?/s). Indeed,
simple estimation of D,=4¢kp/ mh(dH ,/dT)=40 cm?/s
from a derivative dH,/dT=0.027T/K close to T, gives al-
most the same diffusivity relative to one estimated from A(7)
for the p-band. Thus we believe that the two gap theoretical
model of Gurevich qualitatively explains the unconventional
linear H.,(T) dependence, which supports our conclusion
about the two gap nature of superconductivity in ZrB,.

The possibility of the multigap nature of the supercon-
ducting state was predicted for a multiband superconductor
with large difference of the e-p interaction at different FS
sheets (see Ref. 24 and references therein). To date MgB,
has been the only compound with the behavior consistent
with the idea of two distinct gaps with the same T,.. We
believe that our data can add ZrB,, as another unconven-
tional example of multigap and multi-7,. superconductor.
This conclusion contradicts several existing publications,
however, we believe we can successfully defend our idea.

The H,.,(T) dependence of ZrB, single crystals from the
same Kiev group has been measured by three different
groups mentioned above and are plotted in Fig. 10. Clearly,
our H,,(T) data are very similar to those obtained by Dagh-
ero et al.>! (straight crosses). The agreement is nearly perfect
except the last data point at 1.8 K. The disagreement is in the
interpretation. The authors of Ref. 21 concluded that ZrB,
is a conventional one gap s-wave superconductor with
A(0)=1.22 meV. Thus a strong coupling scenario with re-
duced energy gap of 2A(0)/kzT,=4.8 was proposed. One
should note, however, that the gap signature in PCS data has
been observed in a temperature range close to 7.(4.2—-6 K),
although the second gap signature feature should have been
seen below T‘f=4.35 K, and could have been simply missed
by the authors of Ref. 21 because of the limited temperature
range of their measurements.

There is nearly a two times difference between H,(T)
obtained from tunneling and magnetic characterization data
of Tsindlekht et al.?> The same can be said about H.,(T)
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obtained from C(H) and p(H) data of Lortz et al.'"® and Wang
et al.*® Tsindlekht et al. concluded that ZrB, is a type-II
superconductor with the Ginzburg—Lagdau parameter K
slightly above the marginal value of 1/+2. At the same time
Wang et al.?® observed a crossover between type-I and
type-II behavior of C(H) at 4.7 K in contrast to our data. In
all those approximations, the validity of the one gap BCS
picture is implicitly assumed. Large contradiction between
the p(H) and C(H) data (see Fig. 10) was attributed to sur-
face superconductivity. One can mention another possible
reason for this contradiction. In particular, data of Ref. 23
have been measured on the samples cut by a diamond saw
without chemical etching of the surface damaged layer. This
procedure may create a strong concentration gradient of bo-
ron in a surface layer and a substantial manifestation of the
surface barriers for the flux lines resulting in this contradic-
tion. One can also note that the discrepancies in H.,(T) can
be due to potentially large nonhomogeneity of the ZrB;,
samples. Indeed, the Fig. 7 inset clearly demonstrates differ-
ent transitions for our sample with no inclusions of ZrB, and
the sample cut from ZrB, reaches part of an ingot (left line).

We believe that this inconsistency of our data and the data
of Refs. 19 and 21-23 can be (i) due to the two gap nature of
superconductivity in ZrB,,, (ii) due to large uncertainty in
determining of the zero temperature gap from very narrow
temperature range of the measurements, and (iii) last but not
least due to potentially large nonhomogeneity of the ZrB,
samples that could have been used by those authors (see Fig.
2). Although observed two gap behavior of A*(0)/A*(T) in
Z1B |, is similar to that in high-7,. superconductors, observa-
tion of two different 7. in these bands is unconventional.
This also relates to the linear H,,(T) dependence in the wide
temperature range up to 7. Striking two-gap BCS behavior
observed calls certainly for a new study of low-T energy gap
and H(T) of ZrB, for understanding the nature of supercon-
ductivity in this cluster compound.

VI. CONCLUSIONS

We performed systematic study of the temperature and
magnetic field dependencies of the resistivity, magnetic pen-
etration depth, lower, H,(T), and upper, H.(T), critical
magnetic fields of the single crystals dodecaboride ZrB;, and
resistivity of diboride ZrB,, as well as the magnetic penetra-
tion depth in thin films of MgB,. While the temperature de-
pendence of A(7) in thin film MgB, is well described by an
isotropic single gap s-type order parameter, we find uncon-
ventional behavior of ZrB, superfluid density with pro-
nounced shoulder at 7/T, equal to 0.65. The H,,(T) depen-
dencies have been deduced from the p(H) and \(H) data.
Both techniques reveal an unconventional linear temperature
dependence of H_.,(T), with a considerably low value of
H.,(0)=0.16 T. We conclude therefore that ZrB,, presents a
evidence of the unconventional two-gap superconductivity
with different A and 7, in the different bands.
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