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Abstract

Exploration for superconducting metal diborides with a high critical temperature (7¢) has
attracted much attention since the discovery of MgB,. Recently reported high 7t in compressed MoB>
has motivated us to investigate the electrical transport property under high pressure in other metal
diborides. We focused on the relationship between 7 and a stretched c-lattice parameter (c/a), known
as an important parameter for superconductivity in MgB», which shows the main contribution of p
electron to electronic structure. In this study, the correlation of 7¢ and c/a is investigated in NbB> and
MoB2-based superconducting diborides, which have totally different electronic structures mainly
composed of d electron from transition metal. Our high-pressure electrical transport measurements
and structural analysis reveal that the common positive correlation between 7¢ and c/a is observed in
NbB», Zr-stabilized MoB:, and these defected systems. Our insight opens further issues for the

development of superconducting metal diborides.
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I. INTRODUCTION

Exploration of superconductors attracts significant attention in materials composed of light
elements with high Debye frequency, which is a constant of proportionality for superconducting
critical temperature (7¢) within Bardeen-Cooper-Schrieffer (BCS) theory [1]. Among the explorations,
high-7: above 39 K have been discovered in MgB> crystallizing in AlB>-type hexagonal structure
(P6/mmm) about two decades ago [2]. Exploration of superconductivity in diborides with another
transition metal (TM) except for MgB: is also continued to realize higher 7t [3—5]. However, all the
examined TMB;s exhibit drastically lower 7. than that of MgB.. In a recent report, MoB» with CaSi»-
type rhombohedral structure (R-3m) shows a structural phase transition to the AlB>-type at high
pressure of 70 GPa and the second highest 7 of 32.4 K among superconducting TMB3s is observed
at 110 GPa [6]. The Tc monotonically increases with pressure above 100 GPa at a rate of 0.1 K/GPa
and still does not show the trend of saturation. After the discovery, pressure-induced superconductivity
in WB; with T¢ of 17 K at 90 GPa has been immediately reported [7]. Also, the application of pressure
suppresses antiferromagnetic transition in CrB; and induces superconductivity at 7 K under 110 GPa
[8]. The high-pressure research opens a novel strategy to create high-7¢ superconducting TMB:s in
the past few years.

The high 7. in MgB:> originates from the strong coupling between g-bands and £>, phonon modes,
which are related to the in-plane B-B bond. Based on the strong anisotropic feature, the c/a, known
as a stretched c-lattice parameter, is an important character in superconducting metal borides. The
relatively high c/a of 1.14 in MgB: contributes to the realization of high-7¢ with a two-dimensional
character [9,10]. In contrast, double sharp peaks of electronic density of state (DOS) at Fermi energy
(EF) in pressure-stabilized MoB», which are mainly composed of Mo d.” orbital, provide high T, above
30 K by coupling with out-of-plane vibrations in Mo [11]. In such the d electron system among TMB,,
the relationship between 7c and c/a is still uninvestigated issue for further exploration of high-T¢
superconductors.

In this study, we investigate the relationship between 7. and c/a in superconducting TMB3s via a
high-pressure application, which is an effective way to manipulate the crystal structure without
chemical modification. We select NbB2, Moi-.ZrB2, and these defected system Nb;-,B: and
(Mo1-Zrx)1-yB2 as the candidates of examined AlBa-type TMBas because these exhibit
superconductivity at ambient pressure with d electron character [12,13]. The electrical transport
properties and crystal structures in these materials under high pressure are measured to reveal the
relationship between 7. and c/a. The T¢ of NbB; is increased from 1.3 K to 9.2 K by introducing Nb
deficiency [14]. Although the high-pressure study on superconductivity has been reported in the
Nbi-B2, the applied pressure is less than 6 GPa [15]. Also, a slight substitution of Zr in the Mo site
stabilizes the metastable AlB»-type structure in MoB> even at ambient pressure [13]. The Moi1—Zr:B>
and defected (Mo1-xZrx)1-,B2 show superconductivity at 5.9 and 8.2 K, respectively [13]. Considering
the drastic enhancement of 7. against pressure in the pressure-induced superconducting phase of
pristine MoB2, high-pressure behavior in the Zr-stabilized MoB: is also worth investigating. Our high-
pressure electrical measurements and structural analysis suggest a positive relationship between 7

and c/a for all the examined TMB:. The serial investigation of high-pressure behavior in TMB; is
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helpful for further research on the exploration of superconductors in this system.

II. EXPERIMENTAL PROCEDURES

Polycrystalline samples of NbB2, Mo-.Zr,B2, and (Moi1-xZry)1-,B2 were synthesized via argon
arc-melting process. The starting materials with a stoichiometric composition (x =0.04, y=0.15) were
placed on a water-cooled copper hearth in the furnace under an Ar atmosphere and melted several
times to obtain a homogeneous sample. Defected Nbi-.B> was synthesized by a solid-state reaction
using a high-temperature and high-pressure method in a Kawai-type multi-anvil apparatus. A mixture
of starting materials with a composition of Nb : B = 0.8 : 2 was filled into a sintered hexagonal BN
tube. The prepared tube was compressed under 5 GPa and heated at 1200 °C for 0.5 h and quenched
to room temperature. The details of sample preparation in the defected Nbi—,B> are described in
another paper [14].

The crystal structures of the obtained metal diborides at ambient pressure were confirmed by
powder X-ray diffraction (XRD) analysis using a Mini Flex 600 (Rigaku) with Cu Ka radiation (4 =
1.5418 A). In-situ XRD measurements were performed to reveal the crystal structure under high
pressure for NbB, Nbi—B2, Moi—Zr:B>, and (Moi-Zrx)1-,B2 in diamond anvil cell (DAC) using
synchrotron radiation at the AR-NEIA beamline of the Photon Factory (PF) at the High Energy
Accelerator Research Organization (KEK). The X-ray beam was monochromatized to an energy of 30
keV (A = 0.4180 A for NbB, and Nb;B,, 2 = 0.4172 A for Moi-.Zr,B, and (Mo1-+Zry)1-,B>) and
introduced through a collimator with a 50 pm diameter. One-dimensional XRD patterns were obtained
from the collected Debye-Scherrer diffraction rings using the IPAnalyzer [16]. Re sheet with a 200
um diameter hole was used as a gasket in DAC. The pulverized sample itself, or cubic BN, was filled
in the hole of the gasket as the pressure-transmitting medium. Here, the XRD patterns of NbB> and
Nb;-B> at ambient pressure were measured in DAC without compression. The results of XRD analysis
under ambient pressure and high pressure are shown in Fig. S1 and S2.

The temperature dependence of the electrical resistance under high pressure in all the samples
was measured via a four-probe method using the DAC with boron-doped diamond electrodes [17-19].
A stainless steel (SUS316) sheet with a 200 um diameter hole was used for a gasket. Cubic BN
powders were filled around the gasket hole, which act as the pressure-transmitting medium and an
insulating layer between a gasket and the electrodes. Applied pressures in the DAC were estimated by
the peak shift of a ruby fluorescence from a tiny piece of ruby in a sample space [20] and a Raman

spectrum of diamond anvil [21] in both XRD analysis and electrical measurements.

ITI. RESULTS and discussion

The XRD analysis reveals that the synthesized samples exhibit an AlB»-type structure (hexagonal,
P6/mmm) at ambient pressure. The details, including the lattice constants, are shown in Fig. S1. The
average amount of Nb deficiency x in Nb;—B> is determined to be 0.07 by comparing the lattice
constant with that in the literature [14]. By using a similar estimation, the average amount of
substituted Zr (x) in Moi—ZrB> is determined to be 0.04 [13]. When the Zr amount x in
(Moi1-+Zrx)1-yB2 is assumed to be 0.04, the amount of deficiency y is determined to be 0.1 from the

reported relationship [13]. Hereafter, the compositions in these TMB; are written with the
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aforementioned values, although a precise analysis of the composition is needed in future
investigations.

Figure 1 (a-d) shows temperature (7)) dependence of resistance (R) under various pressures at
around low-temperature regions in NbB2, Nbo.93B2, M00.96Z10.04B2, and (M00.96Z10.04)0.90B>. In the R-T'
curve of NbB: at the lowest pressure of 0.2 GPa, the resistance starts to decrease at 2.3 K, indicating
superconductivity. The T, defined by the onset temperature of decreasing resistance, gradually
decreases from 2.3 to 2.0 K with increasing pressure up to 34 GPa. The 7. near ambient pressure is
drastically increased by introducing Nb deficiency, as shown in the R-T properties in Nbo.93B2. The
T.°" of 7.7 K at 3 GPa monotonically decreases to 4.1 K at 39 GPa. The R-T curve of Mo0¢.96Zr0.04B2
near ambient pressure shows a slight increase in resistance just above 7c, which is typically observed
in nonhomogeneous superconductors with different transition temperatures [22]. This observation
indicates a distributed Zr amount in synthesized Moo.96Z10.04B2. The onset 7. of starting temperature
of the reduction in resistance, which reflects the highest 7. in the inhomogeneous superconductor,
decreases from 5.5K at ambient pressure to 3.7 K at 35 GPa. The 7c near ambient pressure in
(Moo.96Z10.04)0.90B2 1s also enhanced by introducing the deficiency of (Mo0o.96Z10.04). The R-T behavior
exhibits similar inhomogeneity, and 7.°" gradually decreases from 8.0 K at 0.4 GPa to 6.0 K at 40
GPa. The inhomogeneity of superconducting transition in Zr-stabilized MoB2 would be due to a
distribution of the amount of deficiency and substitution. Also, a distortion in crystal, which is
generally introduced during the arc-melting method, affects the sharpness of the superconducting
transition [23]. The distortion will be improved by a post-annealing treatment after the arc-melting
method [24]. Since the superconducting transition in all high-pressure measurements is broad due to
the influence of a solid pressure-transmitting medium, the 7¢ values are determined using various
criteria and exhibit a similar trend, as shown in Fig. S4. This suggests that the reduction in 7. is an
intrinsic property of these compounds. In particular, the determination of 7c°"**" in Zr-stabilized MoB:
is presented in Fig. S5, as it is difficult to see. Also, all the samples maintain the metallic behavior
even under high pressure, as shown in Fig. S2. Moreover, we examined an emergence of pressure-
induced superconductivity in other metal diborides of AlB», TiB., ZrB:, and VB2, as shown in Fig. S3.
No superconductivity is observed in these diborides at least less than 50 GPa. In this study, all the
evaluations for superconductivity are performed via the electrical transport measurements, which
reflect the local properties in the DAC with large pressure distribution. For future research,
temperature-dependent magnetization measurements under high pressure could reveal bulk

superconducting properties and provide deeper insights into the underlying physics of this system.
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FIG. 1. Temperature dependence of resistance at around low-temperature region in all the
obtained samples under high pressure. (a) NbB2, (b) Nbo.93B2, (¢) Mo0o.96Zro.0sB2 and (d)
(Mo00.96Z.r0.04)0.90B2.

Figure 2 (a) shows a pressure dependence of 7. in NbB> and Nbo.93B> up to around 40 GPa. The
T¢s linearly decrease as a function of the pressure with the slope of d7./dP = —0.012 K/GPa in NbB;
and —0.086 K/GPa in Nbi-.B2. Compared with d7c/dP = —1.11 K/GPa in MgB> [25], NbB: and
Nbo.93B2 have blurry pressure-dependence of 7c. The high-pressure effect on 7¢. in MgB> has been
understood within the range of a conventional BCS-type superconductor. The T is drastically reduced
by pressure due to a decrease in DOS at Er and an increase in averaged phonon frequency, reducing
electron-phonon coupling strength [26,27]. The negative correlations in NbB, and Nbo.93B: are also
understood to be the same as the case of MgB>. A smaller phonon frequency in NbB: possibly
contributes to exhibiting the blurry change in 7. as a function of pressure [28]. Also, the amount of
Nb deficiency x in Nbi-,B: s estimated to be 0.11 from the comparison between the intercept of d7./dP
and the reported value [15], which is larger than that estimated by XRD analysis. Figure 2 (b) shows
a pressure-dependent 7¢c in M0o.96Zr0.04B2 and (Moo.96Z10.04)0.90B2. Although a positive correlation of
T. against pressure is expected as the behavior in pressure-stabilized AlB>-type MoB:> [6], the 7¢ in
both Zr-stabilized MoB:s exhibit negative slopes with d7¢/dP = —0.054 K/GPa in Moo.96Zr0.04B> and
—0.045 K/GPa in (Moo.96Zr0.04)0.90B2. Yet, the positive slope of 7c in MoB> at high pressure deviates
from theoretical calculations, suggesting the negative correlation due to the reduction of DOS at Er
and phonon hardening [28]. Also, a steady decrease of 7 from 8 K at 0 GPa to 4 K at 50 GPa in Nb-
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stabilized MoB; has recently been reported in a high-pressure experiment [29]. Our observations of 7t

reduction in Zr-stabilized MoB3s show a similar trend as their research.
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FIG. 2. (a) Applied pressure dependence of 7c of NbB2 and Nbo.93B2, (b) Mo00.96Zr0.04B2, and
(M00.96Zr0.04)1-,B2.

To investigate the relationship between superconducting properties and crystal structure, XRD
patterns were measured under various pressures, as shown in Fig. 3. The AlB;-type structures of all
the samples are maintained at around 30 GPa without a structural phase transition. Figure 4 (a) and
(b) shows the pressure dependences of lattice constants a and ¢ in NbB2, Nbo.93B2, M0o.96Z10.04B2, and
(Mo0.96Z10.04)0.00B2, which are determined from the peak position in XRD patterns. The lattice
constants of all the compounds monotonically decrease with increasing pressure. The stretched c-
lattice parameter c/a of these compounds is plotted as a function of pressure in Fig. 4 (c). The
decreasing rate of c¢/a in Nbo93B2 (—2.2x10~* GPa™!) is higher than that in NbB, (—1.2x10~* GPa™!). A
similar tendency is observed in stabilized MoB:, namely, the decreasing rate of c/a in
(M00.96Z10.04)0.90B2 is —6.4x10™* GPa™!, which is almost twice, compared with that of —2.7x10~* GPa™!
in Moo.96Z10.04B2. These results suggest that the defected system in TMB; has the common feature of
sensitive c/a against applied pressure. Also, the pressure dependence of 7. and c/a exhibits a similar
trend with a negative correlation in all the examined superconducting TMB,.
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199

200 Finally, the relationship between c/a and 7. in NbBs, Nbo93B2, Moo.osZro04B2, and
201 (Moo.96Z10.04)0.90B2 are shown in Fig. 5. Because experimentally observed c/a and T¢ are measured
202  under slightly different pressures, these values measured at nearest pressures are used for the circle

203  plots. The straight lines are determined from the slopes in the pressure dependence of c¢/a and Tt.
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Interestingly, a positive trend between 7. and c¢/a is commonly observed in the examined samples. This
fact suggests that c/a is strongly correlated with superconductivity in NbB> and MoB; systems with a
large contribution of d electron to Er [12,13], in spite of different electronic states with MgB», which
exhibit p electron feature [30]. In particular, the electronic structure in MoB»-based systems is mainly
composed of Mo dz? orbital, coupled with out-of-plane vibrations in Mo. This observation highlights
the universal importance of two-dimensionality in the crystal structure for superconductivity in TMB,,
regardless of characteristics in electronic structure. A possible explanation for this correlation is the
contribution of B p orbitals to Er. In the NbB; system, the in-plane dispersion of o-bonding in B 2p
states contributes to £¢[12], despite the dominant Nb d orbital character. Similarly, in-plane breathing-
like vibrations of B atoms are believed to enhance superconductivity in pristine MoB»[6]. Additionally,
high-7: MoB», which exhibits the 7: of 32 K under extreme pressure, has a high c¢/a value of 1.09[11],
comparable with that in MgBa. Furthermore, the theoretically predicted AlB»-type CaB: with the
estimated 7. above 50 K at 30 GPa [31] is suggested to have the highest ¢/a of 1.27 among
superconducting TMB,. Although the obvious mechanism of this correlation is still an open question,

the observed relationship between c/a and T. provides valuable insights for further research on metal
diborides.
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FIG. 5. Relationship between c/a and 7. in NbB2, Nbo.93B2, M00.96Z1r0.04B2 and (M00.96Z.10.04)0.90B2.

IV. CONCLUSIONS

The high-pressure electrical transport measurements and structural analysis for superconducting
NbB2, Nbo.93B2, M00.96Z10.04B2, and (Moo.96Z10.04)0.90B2 reveal that the relationship between the 7c and
a stretched c-lattice parameter (c/a), which is considered as important parameter for high-T7¢
superconductivity in MgB,. All the examined diborides exhibit a common correlation in 7. and c/a
with a positive slope. The observation makes an open issue for the guideline of development in
superconducting diborides because the electronic state and key factor for superconductivity between
MgB: and superconducting TMB; is totally different. The c/a is expected to be a future guideline for

the exploration of high-7¢ superconductors in metal diborides and related materials.
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