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We probed the evolution of the superconducting transition temperature Tc and the normal state parameters
of LuxZr1−xB12 solid solutions employing resistivity, heat capacity and magnetization measurements. In these
studies of high-quality single crystals it was found that there are two types of samples with different magnetic
characteristics. An unusually strong suppression of superconductivity in LuxZr1−xB12 with a rate dTc/dx =
0.21 K/at.% of Lu was observed previously on the first “magnetic” set of crystals, and it was argued to be caused
by the emergence of static spin polarization in the vicinity of non-magnetic lutetium ions. On the contrary,
the second (current) set of “nonmagnetic” crystals demonstrates a conventional Tc(x) dependence with a rate
dTc/dx = 0.12 K/at.% of Lu which is typical for BCS-type superconductors doped by nonmagnetic impurities.
The reason for this difference is yet unclear. Moreover, the H−T phase diagram of the superconducting state of
LuxZr1−xB12 (0 ≤ x ≤ 1) solid solutions has been deduced from magnetization measurements.
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1. Introduction

The discovery of superconductivity at Tc ≈ 39 K in
MgB2 [1] has stimulated a significant interest into studies
of a wide class of rare-earth and transition metal higher
borides. Among them, in the family of dodecaborides,
ZrB12 is a BCS (Bardeen-Cooper-Schriffer) superconduc-
tor with the highest Tc ≈ 6 K [2, 3]. However, in case
of LuB12 the superconducting transition temperature re-
duces dramatically (Tc ≈ 0.4 K for LuB12 [4–6]), and the
origin of the large Tc difference for these two compounds
with similar conduction bands and crystalline structures
is not yet clarified. In this connection the study of nor-
mal state characteristics of LuxZr1−xB12 solid solutions
with x < 0.08 at low temperatures allowed to observe
the formation of static nanosized magnetic moments
with µeff ≈ 6µB per Lu3+ ion (1S0 ground state, 4f14-
configuration) in the vicinity of nonmagnetic lutetium
impurities in the nonmagnetic Zr-rich matrix [7]. Accord-
ing to arguments presented in [7], the strong suppression
of superconductivity in LuxZr1−xB12 compounds can be
attributed to pair breaking arising in the vicinity of these
nanosized lutetium magnetic domains. In order to shed
more light on the nature of the Tc variation in these do-
decaborides it looks promising to investigate the normal
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and superconducting states’ parameters of LuxZr1−xB12

solid solutions in a wide range of Lu content (0 ≤ x ≤ 1).

Fig. 1. Temperature dependences of zero-field cooled
magnetization at H = 5–20 Oe of “nonmagnetic” (a)
and “magnetic” (b) (see text) LuxZr1−xB12 crystals.
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2. Results and discussion

The single crystals of LuxZr1−xB12 solid solutions were
grown by vertical crucible-free inductive floating zone
melting in an inert gas atmosphere. To verify both the
quality of the samples and the Lu content, x-ray diffrac-
tion, Laue backscattering patterns, and microanalysis
techniques were used. For all LuxZr1−xB12 single crystals
the Lu/Zr ratio was estimated using a scanning electron
microscope equipped with an energy dispersion micro-
probe system (JEOL JXA-8200 EPMA), see also [7] for
details.

Studies of resistivity, heat capacity and magnetiza-
tion of high-quality single crystals of LuxZr1−xB12 with
x < 35% and x ≥ 90% were carried out at temperatures
between 0.06 and 300 K, and in magnetic fields up to
90 kOe (H‖(001)). For example, Fig.1 shows the tem-
perature dependences of zero-field cooled magnetization
M(T ) at H = 5÷ 20 Oe in the vicinity of Tc for crystals
with x < 35%.

Fig. 2. Magnetic field M(H,T0) dependences of
LuxZr1−xB12 with x = 0 (a), 0.04 (b) and 0.065 (c).
Critical fields Hc1 and Hc2 are indicated by arrows.

Figure 2 presents the magnetic field M(H) curves
recorded at temperatures T0 < Tc for lutetium concen-
trations x = 0, 0.04 and 0.065 (see panels a-c, corre-
spondingly). The M(H) dependences are linear for H
below the first critical field (H < Hc1 ∼ 100 ÷ 400 Oe)
and may be attributed to the total Meissner effect. Ad-
ditionally, the second critical field Hc2 is detected from

these dependences for all crystals under investigation.
Based on these results, shown e.g. in Figs. 1 and 2,
we present on Fig. 3 the concentration dependence Tc(x)
(insert) and the H−T phase diagram of LuxZr1−xB12

solid solutions with a wide range of Lu content. The
estimated Ginzburg–Landau parameter κ of these com-
pounds varies between 0.9 (x = 0) and 4 (x = 0.22).

Fig. 3. Suppression of superconductivity Tc(x) (see in-
sert) and the H−T phase diagram of LuxZr1−xB12 solid
solutions (nonmagnetic samples). S and N mark the su-
perconducting and normal states, correspondingly.

It is worth noting that two types of M(H) behavior
were observed in this study for solid solutions with a
low concentration of lutetium in the paramagnetic state
just above the critical field Hc2. For the first set of
LuxZr1−xB12 crystals only a very small paramagnetic sig-
nal was detected (see, for example, Figs.2a and 2b). On
the contrary, for other samples with a similar Lu concen-
tration the magnetization demonstrates a rather strong
increase above Hc2 (see Fig.2c) which has been inter-
preted (see [7] for details) in terms of an emergence of
magnetic moments embedded in the nonmagnetic matrix
of LuxZr1−xB12. It is worth noting that in our experi-
mental study also attempts were undertaken to measure
the field dependence of magnetization of LuxZr1−xB12

crystals with the help of a PPMS-9 system. However,
the signal from the sample holder which was comparable
with the magnetization of samples under investigation
did not allowed us to carry out the separation and anal-
ysis of contributions in strong magnetic fields. For these
magnetic solid solutions an additional magnetic compo-
nent Cm appears also in the low temperature heat capac-
ity (see e.g. Fig. 4b), and this Cm amplitude increases
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Fig. 4. Temperature dependences of specific heat
C(T,H0) for (a) nonmagnetic x = 0.04 and (b) mag-
netic x = 0.074 crystals of LuxZr1−xB12 (see also [7] for
details).

in external magnetic field. The analysis of Cm(T,H0)
made for the magnetic samples in [7] allows to conclude
that the magnetic sites are created in the vicinity of
lutetium impurities. In the set of magnetic solid solu-
tions the magnetic contribution was found also in mag-
netoresistance and ESR (electron spin resonance) studies
of LuxZr1−xB12 [7]. On the other hand, the Cm contri-
bution is practically negligible for nonmagnetic crystals
(see e.g. Fig.4a).

These two types of LuxZr1−xB12 crystals, the “mag-
netic” ones (see also [7] for details) and the “nonmag-
netic” ones, differ also when the suppression rates of su-
perconductivity Tc(x) are compared between each other
(see insert in Fig. 3). Indeed, two Tc(x) branches
can be evidently distinguished in Fig. 3 with rates of
dTc/dx = 0.12 K/at.% of Lu and 0.21 K/at.% of Lu for
the nonmagnetic and magnetic crystals, correspondingly.

3. Conclusions

We have studied the suppression of superconductivity
in LuxZr1−xB12 solid solutions in a wide range of
Lu contents (0 ≤ x ≤ 1). It was shown by resistiv-
ity, magnetization and heat capacity measurements,
that there are two types of LuxZr1−xB12 single crys-
tals with a quite different pair-breaking effect. An
unusually strong Tc suppression was observed for
samples with nanosized magnetic moments which
appear in the vicinity of nonmagnetic Lu-ions embed-
ded in the boride matrix. However, it is not clear
why the second set of similar LuxZr1−xB12 solid so-
lutions (with x < 0.3) exhibits a different behavior.

The reason for this difference may lie in the different
distribution and structure of the Lu component in the
LuxZr1−xB12 matrix. To solve this problem, further in-
vestigations displaying above all the detailed distribution
of the Lu component in these solid solutions (e.g. by SEM
- scanning electron microscopy or STM - scanning tun-
neling microscopy) will be needed. For example, in case
of YB6 superconductor it was shown recently [8] that
the local accumulation of single structural defects (e.g.
vacancies or yttrium ion displacements) into complexes
leads to formation of magnetic moments in the boride lat-
tice which result into a suppression of superconductivity
in this compound.
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