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MoBe,; and WBe,, compounds belong to the binary XBe,, (X = 4d or 5d metal) family of superconductors,
whose critical temperature depends strongly on X. Despite the multiphase nature of these samples, it is possible
to investigate the superconducting properties of MoBe,, and WBe,, at the macro- and microscopic level. A
concurrent analysis by means of magnetization and heat-capacity measurements, as well as muon-spin spec-
troscopy (uSR) was implemented. At ambient pressure, both compounds enter the superconducting state below
2.6 £ 0.1 K (MoBey,) and 4.1 & 0.10 K (WBe»,) and show modest upper critical fields [(1toH2(0) = 48 &= 1 mT
and poH(0) = 58 = 1 mT, respectively]. In WBe»,, the temperature-dependent superfluid density suggests a
fully gapped superconducting state, well-described by an s-wave model with a single energy gap. Heat-capacity
data confirm that such a model applies to both compounds. Finally, ac magnetic susceptibility measurements
under applied pressures up to 2.1 GPa reveal a linear suppression of the superconducting temperature, typical of

conventional superconducting compounds.

DOI: 10.1103/PhysRevMaterials.6.064804

I. INTRODUCTION

As one of the lightest elements, beryllium exhibits lattice
vibrations of high frequency, a necessary condition for achiev-
ing superconductivity with a sizable critical temperature.
Nevertheless, the critical temperature of elemental beryllium
is only 0.026 K [1]. The value of T; is also affected by the
electron-phonon coupling strength (typically large in elements
with covalent-bonding tendencies) and the density of states
at the Fermi level N(Eg) (rather low in elemental Be). In
particular, N(Ef) depends on the details of crystal structure
and atomic volume—two factors which are best illustrated
by metal-hydride superconductors under pressure [2]. Here,
recent work has demonstrated that, in actinium hydrides at
200 GPa, purely phonon-mediated superconductivity with T
up to 250 K [3] is likely to occur because these materials con-
tain metal atoms that are close to populating a new electronic
subshell—for example, d' (Sc, Y, La, and Ac) or p° (Be, Mg,
and Ca). In this case, the electronic structure becomes highly

“Corresponding author: tshiroka@phys.ethz.ch

fCorresponding author: tshang @phy.ecnu.edu.cn

*Present address: JoZef Stefan Institute and Faculty of Mathematics
and Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia.

SCorresponding author: svanidze @cpfs.mpg.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Open
access publication funded by the Max Planck Society.

2475-9953/2022/6(6)/064804(10) 064804-1

sensitive to the positions of the neighboring atoms, resulting
in stronger electron-phonon interactions and higher N(EF).
Based on this, Be-rich alloys may achieve a 7; much higher
than that of elemental Be, a prediction which is correct for
ReBey, (T, ~ 9.6 K [4,5]). A detailed examination of ReBe»,
revealed it to be a multigap type-II superconductor, well-
described by an isotropic s-wave model. Here, the enhanced T;
(compared to elemental Be) seems to arise from a concomitant
increase of both electron-phonon coupling strength and N (Er)
[5]. By investigating the effects of hydrostatic pressure on
ReBej,, a 0.5 K decrease of T; with a pressure of 1 GPa was
established. Further increase in pressure does not change T¢,
as confirmed by electrical resistivity measurements at even
higher pressures—up to 30 GPa [6]. Another possibility to
control the superconducting properties of the XBey, class is
to employ the isotope effect and/or the chemical pressure,
whose effects are significant in this class of compounds [4]. It
is, therefore, of interest to examine the isostructural MoBe,,
and WBe,, compounds (with their structure shown in Fig. 1),
both under pressure as well as at ambient conditions.

Superconductivity of MoBe;, and WBe,, has been previ-
ously reported to occur below 7, = 2.52 K and 7. = 4.14 K,
respectively [4,7,8]. However, given the difficulties in syn-
thesizing and characterizing beryllium-containing materials
[9-15], neither system has been investigated thoroughly. Ad-
ditionally, it has been shown that a combined analysis of
specific-heat and SR data in similar superconducting mate-
rials is highly relevant [9,16-18].

Motivated by this, we present an in-depth study of MoBe;,
and WBe; by means of magnetization, ac-susceptibility,
heat-capacity, and muon-spin spectroscopy («SR) measure-

Published by the American Physical Society
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FIG. 1. The arrangement of the coordination polyhedra around
Mo(W) and Be2 atoms (16d site) in the structures of MoBe,, and
WBey,. For simplicity, only part of the unit cell is shown.

ments. In addition, we examine the effects of pressure on the
superconductivity of both materials. Despite the multiphase
nature of the samples, we could establish that both compounds
are conventional, fully-gapped type-II superconductors, with
a modest electronic specific-heat coefficient, suggestive of a
negligible electron-mass enhancement. The low values of the
upper critical field and the linear decrease of T, with pressure
are typical of this class of superconductors.

II. EXPERIMENTAL DETAILS

All sample preparation and handling was performed in a
specialized laboratory, equipped with an argon-filled glove
box system [MBraun, p(H,0/0,) <0.1 ppm] [19]. The poly-
crystalline samples were synthesized by arc melting of Be
(Heraeus, >99.9 wt%) with Mo or W (Chempur, 99.99%)
in the 99:1 ratio. Since the amount of Be is hard to quantify
analytically and given that evaporation losses of Be are un-
avoidable, the only way to keep the sample composition under
control is by following a careful weighing protocol [12-14].
None of the samples exhibit any marked air- or moisture sen-
sitivity. Both MoBe,, and WBe;; phases melt incongruently
and have a high melting temperature (1300 °C and 1520 °C,
respectively [20,21]). To date, this has prevented the synthesis
of single-phase X Be,, materials, let alone of their single crys-
tals. In the current paper, we could successfully synthesize
and characterize multiphase polycrystalline samples of both
MoBe,, and WBey,, albeit with small amounts of foreign
phases (see below).

Given the high mechanical hardness and ductility of
both samples, it was not possible to perform reliable
powder diffraction experiments. Instead, a metallographic
analysis of the polished sample surfaces was performed via
energy-dispersive x-ray spectroscopy on a Jeol JSM 6610
scanning electron microscope, equipped with an UltraDry

EDS detector (ThermoFisher NSS7). The microstructures of
the Mo-Be and W-Be samples show very similar arrangement
of the phases. In both cases, the material-contrast images
recorded with a backscattered electron detector show bright
dendrites embedded in a matrix. The matrix is formed by a
mixture of dark grey fibers within a dark, almost globular
phase [see Figs. 2(a), 2(b), 3(a), and 3(b) for Mo-Be and
W-Be, respectively]. The high transition-metal concentration
of the bright dendritic and the fiber-shaped phases, as
indicated by their brightness in the BSE images, is confirmed
by the qualitative comparison of the EDX spectra. The
local EDX spectra are extracted from equal areas of the
EDX mapping data and show decreasing intensities of the
transition-metal x-ray lines, e.g., Mo L line for the Mo-Be
samples and W L and M lines for the W-Be samples for
the darker phases. SEM analyses were performed with
acceleration voltages of 10 kV or 20 kV for the Mo-Be and
W-Be samples, respectively. MoBey, and WBe;, can be
assigned to the dark phase of the respective microstructure
due to the significant intensities of the transition-metal
x-ray lines. Additionally, solid Be does not show any
significant solubility in Mo or W. Based on the published
binary phase diagrams of Mo-Be and W-Be [20,21], it is
reasonable to assume that the congruent melting phases
MoBe, and WBe, form the respective dendritic phase, while
MoBe;; and WBej; form the fiber-shaped phases with an
intermediate transition-metal concentration. We have also
established that the impurity phases Mo/WBe, and
Mo/WBe;, do not show any magnetic transition down
to T = 1.8 K. Based on Figs. 2 and 3, we estimate that
the samples from the current study contain ~40% of the
Mo/WBej;, ~30% of the Mo/WBej,, and ~30% of the
Mo/WBe, phases.

Since the previously reported structures of MoBej, and
WBe,, were obtained from powder diffraction data [22,23],
we performed single-crystal x-ray diffraction measurements.
For this, a single-phase cuboid, consisting predominantly
of either WBe,, or MoBe,, material, was fabricated in a
multistep process using a Xe-plasma focused-ion-beam (FEI
Helios G4 PFIB). With a size of ~30 x 30 x 30 um?, it
was ideally suited for single-crystal diffraction experiments
[see Figs. 2(c) and 3(c)]. The relevant diffraction data were
collected using a Rigaku AFC7 diffractometer, equipped
with a Saturn 7244 CCD detector and Mo Ko radiation
source (A = 0.71073 A). SHELXL software was used for
the structural refinement. The results of the crystallographic
characterization of MoBe;, and WBe,, are provided in
Tables S1 and S2, respectively [24].

The magnetic properties of both compounds were studied
using a Quantum Design (QD) Magnetic Property Measure-
ment System in the temperature range from 1.8 K to 300 K, in
applied magnetic fields up to 7 T. The specific-heat data were
collected on a QD Physical Property Measurement System in
the temperature range from 0.4 K to 10 K, in magnetic fields
up to 9 T. Both magnetization and specific-heat measurements
were performed on bulk samples, showing minimal varia-
tion of superconducting features between the different sample
batches or pieces. Given the multiphase nature of our samples,
it was not possible to carry out reliable electrical resistivity
measurements.
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FIG. 2. (a), (b) Backscatter electron micrographs of MoBex
sample surface at various magnifications. (c) A cuboid of MoBey,,
used for the single-crystal diffraction experiments, prepared using
focused-ion beam.

The muon-spin spectroscopy measurements were per-
formed at the Dolly (zero pressure) and GPD (under pressure)
spectrometers of the Swiss muon source at Paul Scherrer
Institut, Villigen, Switzerland. The uSR data were analyzed
by means of the MUSRFIT software package [25]. In the zero-
pressure case, three discs of ca. 8§ mm in diameter were

FIG. 3. (a), (b) Backscatter electron micrographs of WBe,, sam-
ple surface at various magnifications. (c) A cuboid of WBes,,
used for the single-crystal diffraction experiments, prepared using
focused-ion beam.

positioned so as to cover more than 85% of the muon-beam
cross section, thus resulting in low-background high-quality
1SR signals. The applied field of 15 mT yielded a 7. of
3.5 K for WBey,, significantly lower than 7;.(0) = 4.09 K,
hinting at a rather low H., value—see below. The same sample
was successively used to fill a dual-walled WC pressure cell
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(channel diameter 6 mm) up to a height of 12 mm. The dual-
wall configuration allows the cell to reach pressures of up to
2.3 GPa, albeit at the expense of a relatively low sample-to-
cell 1SR signal ratio. We used Daphne 7373 oil as a pressure
transmitting medium, whose properties under a broad range
of p—T conditions are well-known [26,27].

ac susceptibility measurements under pressure were per-
formed using the same pressure cell used for the puSR
measurements [28,29]. In our case, the excitation and pick-up
coils were wound outside the cell. While this setup generally
has a low sensitivity, it is sufficient for successfully detecting
the superconducting transition [30]. An Ametek 7270 DSP
lock-in amplifier was used to capture the 72-Hz ac signal,
successively measured by a Keithley 2000 digital multimeter.

III. RESULTS AND DISCUSSION

A. Crystal structure description

In previous studies [22,23], the structure of MoBe,, and
WBe,, was established by comparing the experimental pow-
der diffraction patterns (photographic data) with calculated
patterns, obtained on the basis of the Mg;Cr, Al;g [31] struc-
ture (E phase). The atomic coordinates were taken from the
latter model and, therefore, were not refined. For this reason, a
reinvestigation of the crystal structure of MoBe,, and WBe;;
was performed to obtain a more precise crystallographic de-
scription.

Both structures are isotypic with ZrZny, [32]. The substi-
tution variants were also described for CeCr,Alyy [33] and
Mg;CrAljg [31]. The crystal structure of MoBey, (WBey,)
can be represented as an arrangement of Frank-Kasper poly-
hedra with 16 and 12 apexes (icosahedra) formed by Be
species around the Mo and Be2 positions, respectively. The
polyhedra are only connected to each other through their ver-
tices. Each [MoBe¢] polyhedron has in its neighborhood four
identical groups in tetrahedral arrangement and 12 [BeBe;]
icosahedra (see Fig. 1). The described polyhedra resemble the
atomic coordination of Mg and Cu, respectively, in the Laves
phase MgCu, [34].

B. Magnetization and specific heat

The superconductivity of MoBe;, and WBey, was pre-
viously reported to occur below T, =2.52 K and 4.14 K
[4,7,8], respectively. In both materials, the first indication
of superconductivity is given by a sharp diamagnetic transi-
tion at the respective T; value, as shown in Figs. 4(a) and
4(b) [35]. For uoH > 2 mT (MoBey;) and puoH > 10 mT
(WBej,), the low-temperature plateau is not visible, due to
it being below the minimum accessible temperature of 1.8 K.
Normally, the lower critical field value H,; is defined as the
field at which the M (H) curve deviates from the line having
the initial slope of M(H). However, in our case, the lowest
experimentally accessible temperature was not sufficient to
allow for such an analysis. In addition, in the MoBe,, sample,
the origin of the kink around 2.4 K is not yet clear. Nonethe-
less, since the shielding fraction is above 100% and none of
the identified impurities are known to be superconductors, the
superconductivity of both MoBe,, and WBe,; is intrinsic.

(a) ‘ ‘ ‘ ‘

MoBes,
KoH
0.5mT
= 08 —e—2mT | -
—A—10mT
—v—40 mT
121 1

20 24 28 32 36 40 44 48
T(K)

FIG. 4. Zero-field-cooled (open symbols) and field-cooled (full
symbols) temperature-dependent magnetic susceptibility data for
MoBe;, (a) and WBey, (b) in an applied field 0.5 < puoH < 40 mT.

The specific-heat data of MoBey, and WBey;, shown in
Fig. 5, also confirm their bulk superconductivity. In the ab-
sence of a magnetic field, an anomaly associated with the
onset of the superconducting transition is observed at T, =
2.55 K and T, = 4.09 K in MoBe;, and WBey,, respectively.
A linear fit to C,/T versus T? data [insets of Figs. 5(b)
and 5(d)] provides an upper-bound estimate for the values
of the Sommerfeld coefficient y, = 6.8 + 0.2 mJ molf’_ul_ K2
and y, = 10.0 £ 0.2 mJ molffi K2 for MoBe,, and WBe»,,
respectively. The residual electronic specific-heat coefficient
Yees = Ce/T (T = 0.35K, j1oH = 0) ~ 4 mJ mol;} K2 for
both MoBe,; and WBe,, samples is consistent with the pres-
ence of the secondary phases identified in Figs. 2 and 3. The
multiphase nature of the samples is also likely responsible for
the large difference in the 8 coefficients: 8 = 0.21 £ 0.05 mJ
mol;| K™ (MoBey) and B = 0.05+0.01 mJ mol; K™*
(WBej,). These g values can, nevertheless, be used for a pre-
liminary estimate of the Debye temperature (600 K < 6p <
900 K), as well as of the electron-phonon coupling strength
(Ae-ph ~ 0.4). The latter value classifies both MoBej, and
WBe,, as weakly-coupled superconductors.

Further evidence of conventional superconductivity in
MoBe;, and WBej, is given by the value of the jump in
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FIG. 5. Total specific heat of MoBe,, (a) and WBey, (c) as a function of temperature in an applied field 0 < poH < 50 mT. The electronic
specific heat of MoBe,, (b) and WBe,, (d) measured in poH = 0 mT. Vertical dashed lines represent equal-entropy constructions. The
horizontal dashed line corresponds to the Sommerfeld coefficient y,. The solid line is a fit to C,/T o< e™*/T in the superconducting state.
Insets of panels (b) and (d) show C,,/T versus T2, from which the values of y and B were extracted.

the electronic specific heat, AC,/y,T. ~ 1.39 for MoBe;,
[Fig. 5(b)] and AC,/y,T. ~ 1.21 for WBey, [Fig. 5(d)], both
of which are comparable with the standard value of the
Bardeen-Cooper-Schrieffer (BCS) theory (AC,/y, 1. = 1.44).
In the superconducting state, the specific-heat data are well
fit by the C,/T oc e »/*7 expression deduced from the BCS
theory, yielding 2A(0)/kgT. = 3.28 and 2A(0)/kgT. = 3.53
for MoBej; and WBey,, respectively. In both cases, the good
agreement between the measured data (symbols) and the
BCS fit (lines) provides compelling evidence for an s-wave
isotropic BCS superconducting gap in the electronic density
of states, occurring exactly at the Fermi level. The values of
2A(0)/kgT, are comparable to the weak-coupling value of
3.52, expected from the BCS theory.

Upon applying a magnetic field, the superconducting tran-
sitions of both MoBe,, and WBe,, are gradually suppressed,
as summarized in Figs. 5(a) and 5(c). As shown in Fig. 6,
the corresponding values of 7 are given in the H — T phase
diagram, shown Fig. 6 in red (MoBe,;) and blue (WBey;). The

fit to the Ginzburg-Landau relation H.»(T) = Hy» (O)i;g—%

(dashed lines) yields 7. = 2.7 K and T, = 4.3 K, as well as

woH:(0) = 48 mT and pnoH(0) = 58 mT. Interestingly, the
values of H(0) are a factor of two larger that those reported
previously for MoBe;; and WBey; [7]. The discrepant H,,(0)
values are most likely related to the different level of impuri-
ties [36].

C. ac susceptibility under applied pressure

In most solid-state systems, the primary effect of a change
in temperature is to modify the occupation of the energy lev-
els, while the primary effect of applied pressure is to modify
the energy levels themselves [37]. Clearly, this makes a pres-
sure study very interesting, as it can provide complementary
information to temperature. To characterize the behavior of
MoBe,, and WBe;; under applied pressure, we measured the
ac response in pressures of up to 2.1 GPa. A small piece of
indium, embedded in the pressure cell, served as a pressure
gauge. Indeed, since its 7.(p) dependence is well-known, we
can determine p (in GPa) from the measured 7; (in K) of
indium [38]:

T.(p) = T.(0) — 0.3812 p + 0.0122 p*. (1)
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FIG. 6. H-T phase diagram of MoBe,, (orange) and WBex
(blue). The values of the critical field H,(T) are extracted from
M(T) (squares) and C, (circles) data. The dashed lines correspond
to a Ginzburg-Landau fit of the data.

Here, 7.(0) = 3.4 K, while the coefficients have uncer-
tainties of 0.0002 and 0.0004, respectively. In view of our
relatively narrow pressure range (<2.1 GPa) and due to a 30-
fold larger linear coefficient compared to the quadratic one, T
depends almost linearly on p. Even at the highest pressure, the
omission of the quadratic term implies an error smaller than
2%. Similar considerations apply to the investigated samples,
as confirmed by the linear behavior of 7; versus p, shown in
Fig. 7.

To detect the superconducting transition, we use the real
part x’ of the ac susceptibility (Fig. 7, main panels). Here, T
is defined as the midpoint of the superconducting transition.
In both cases, as the pressure increases from O to 2.1 GPa,
T. decreases by ca. 0.4 K. The raw ac susceptibility data
indicate that besides the superconducting transition of In, we

AC signal (arb. units)

Pressure (GPa)

-1t 4 . L
1.5 2 2.5 3 35 4 4.5
Temperature (K)

! !

TABLE 1. Values of the superconducting temperatures 7. and
their pressure dependence for MoBe,, and WBe,,, compared to In
(here used as a pressure gauge).

Compound T, [K] dT./dp [mK/GPa] dt/dp[10~3 GPa~']
WBe», 3.975 ~192.6 —48.5
MoBe,, 2.422 ~136.2 ~56.2
In 3.403 —354.8 ~104.3

also observe a second transition with a lower T [see Fig. 7(b)].
Considering its closeness to the 7; of indium and their similar
pressure slopes, we attribute the anomaly to a spurious phase
of indium (and/or to a mixture of the x” and x’ terms of the
ac response).

The T values under pressure, as determined from ac sus-
ceptibility data and shown in the insets of Fig. 7, were fit
with a line. The obtained parameters are reported in Table I,
with In used as a pressure gauge. Since In is softer than both
X Be,, compounds, it exhibits a steeper d T /d p slope. We note
also that, although the absolute slopes of XBej, are rather
different [reflecting their different 7.(0) values], the relative
slopes, here expressed in terms of the normalized tempera-
ture ¢ = T.(p)/1:(0), exhibit more regular values. Indeed, in
these relative units, one obtains a very similar behavior under
pressure for both WBe;; and MoBey,, as illustrated in the last
column of Table I. This result may be justified by the similar
Van der Waals and ionic radii of Mo and Be [39].

Recently, the isostructural ReBe,, compound was investi-
gated under applied pressures of up to 30 GPa. The value of
its T, was also shown to decrease linearly with pressure [6].
However, despite the similar structure, its relative slope is a
factor of 7 lower than that of WBe,,. The reason for such a
discrepancy is not yet clear, but it might reflect the different
atomic radius of Re, compared to those of Mo and W.

Finally, we note that, in general, the linear dependence of
T. on pressure indicates the absence of a pressure-induced
structural transition and indirectly confirms the hydrostaticity

0
-193 mK/GPa (b)
—~ —0.2r 1
2 3.5 WBe22
.g TC
3
& -04f In 1
< 2.5
T 0 1 2
5) -0.6+ Pressure (GPa) B
%)
©)] ——2.08 GPa
< _os8l ——1.75GPa|/|
——0.94 GPa
——0.58 GPa
1 ——0.00 GPa
2 2.5 3 3.5 4 4.5

Temperature (K)

FIG. 7. ac susceptibility data versus temperature, measured at various applied pressures for MoBe,, (a) and WBey, (b). In both cases,
the steep changes in signal reflect the response of the sample and of indium (used here as a pressure gauge). Insets show the almost linear
dependence of 7. on pressure. In both cases, error bars are smaller than the symbols.
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of the pressure medium. Normally, the critical temperature of
a superconductor depends on both the lattice- and electronic
properties. Under very general assumptions (weak coupling,
BCS superconductors), one can write [see Eq. (2.9) in

Ref. [40]:
k=
T~ A_/IeT’ (2)

where k is the spring constant (a lattice term), 1 is a purely
electronic term, and M is the atomic mass. Clearly, d7;/dp
depends on the relative magnitude of the pressure-induced
changes in lattice versus electronic properties. Under applied
pressure, the lattice stiffens, leading to an increase in k. Ad-
ditionally, n also increases under pressure, although typically
much less than k. Since k inside the exponent outweighs k in
the prefactor, in general, an increase in k leads to a decrease in
T.. Since in the majority of conventional superconductors the
pressure-induced lattice stiffening dominates over the modest
changes in electronic properties, this implies a mostly linear
decrease of T under pressure.

D. Muon-spin rotation study

As a microscopic technique, SR is very suitable for inves-
tigating the nature of pairing symmetry in the superconducting
phase. In this case, one applies a moderate- to low-magnetic
field, transverse to the muon-spin direction (TF-uSR), and
follows the evolution of the muon polarization decay as a
function of temperature. Besides the (usually small) depolar-
ization due to the nuclear magnetic moments, below 7;, one
observes an increase in the decay rate due to the field modu-
lation from the flux-line lattice (FLL) in the superconducting
phase [41]. Such modulation is considerable for fields slightly
above H,; and it disappears just below H.,. For optimal re-
sults (i.e., to achieve a relatively large decay rate with only
a moderate suppression of 7;) one typically applies a field
twice H,j, usually above 20 mT. However, in our case, the
H,, value of both MoBe;; and WBe,; is quite low (only about
50 mT, see Fig. 6). This makes it rather difficult to study these
compounds via TF-uSR, in particular, MoBe,,, whose T and
muon depolarization rate are low. Measurements under ap-
plied pressure are even more challenging. This is mostly due
to the low fraction of signal coming from the sample (typically
2/3 being due to the pressure cell) and the similarity of the
relaxation rates of muons stopped in the pressure cell with
those stopped in the sample. For these reasons, the remainder
of our paper focuses only on WBej,.

To track the additional field-distribution broadening due
to the FLL in the mixed superconducting state, the magnetic
field was applied in the normal state, prior to cooling the
sample below T... After the field-cooling protocol, the TF-uSR
measurements were performed at various temperatures upon
warming. Figure 8(a) shows two representative TF-u SR spec-
tra collected in the superconducting (0.3 K) and the normal
state (5 K) in an applied field of 40 mT. Additional TF-
USR spectra collected at 15 mT exhibit similar features (not
shown). The inhomogeneous field distribution due to the FLL
is reflected in an enhanced depolarization rate below T;. In this
case, the TF-uSR spectra can be modeled by the following

Asymmetry
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FIG. 8. (a) TF-uSR time-domain spectra of WBe,, collected at
T =03 Kand T =5 K in an applied field of 40 mT. The respec-
tive Fourier transforms are shown in (b) and (c). Below T, three
oscillations are needed to reproduce the data. Solid lines are fits to
Eq. (8) using three oscillations. Note the absence of a diamagnetic
shift below 7. in panel (b)

expression:

Are(t)= ZAi cos(y,Bit + ¢)e*"f2’2/2+Abg cos(yY, Bt + ¢).
i=1
3)

Here, A; and Ay, represent the initial muon-spin asymme-
tries for muons implanted in the sample and sample holder,
respectively, with the latter not undergoing any depolarization.
B; and By, are the local fields sensed by implanted muons in
the sample and sample holder, y,, = 27 x 135.53 MHz/T is
the muon gyromagnetic ratio, ¢ is a shared initial phase, and
o; 1s a Gaussian relaxation rate of the ith component. The
number of required components is material dependent [42].
We find that, similarly to the ReBe,, superconductor [5], n =
3 is sufficient to describe the TF-uSR spectra of WBe;,. The
fast-Fourier-transform (FFT) spectra of the TF-uSR datasets
at7 = 0.3 Kand T =5 K are shown in Figs. 8(b) and 8(c).
The solid lines represent fits to Eq. (3) using three oscillations
i.e., n = 3) in the superconducting state and one oscillation in
the normal state. The derived Gaussian relaxation rates as a
function of temperature are summarized in the inset of Fig. 9.

Above T, the relaxation rate caused by nuclear magnetic
moments is small and temperature independent, but below 7
it starts to increase due to the onset of the FLL and the increase
of superfluid density. At the same time, a diamagnetic field
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FIG. 9. Superfluid density of WBe,, versus temperature, as de-
termined from TF-u SR measurements at poH = 15 and 40 mT. The
inset shows the temperature dependence of the three components of
the SR rate 0,(T) at 40 mT (left axis) and the diamagnetic field
shift (right axis). Lines represent fits to a fully gapped s-wave model
with a single superconducting gap (see text for details).

shift appears below T (see inset of Fig. 9). In the case of mul-
ticomponent oscillations, the first-term in Eq. (3) describes the
field distribution as the sum of n Gaussian relaxations [42]:

" A,’ 2(B - Bi)2
PB =73 ;exp[—”‘T] 4)

Then, the first and second moments of the field distribution
can be calculated by

i=1

A;B;
(By=) —— and )
i—1 Aot
ol " A; [o?
(B == = [—'2 — (B - <B>>2}, (6)
y/‘« i—1 AtOl V;L

L

where Ay = Y i+ ;A;. The superconducting Gaussian re-
laxation rate related to the FLL (oy) can be extracted
by subtracting the nuclear contribution according to o5 =

o2 — 02, where o, is the nuclear relaxation rate.

Since oy is directly related to the magnetic penetration
depth (and thus to the superfluid density), the superconducting
gap value and its symmetry can be investigated by measuring
the temperature-dependent o (7). Note that the upper critical
field of WBe,; is relatively small (58 mT) compared to the
fields used in the TF-u SR study (15 and 40 mT). Hence, the
effects of the overlapping vortex cores with increasing field
should be considered when extracting the magnetic penetra-
tion depth A from o . For WBey,, the effective magnetic
penetration depth A was calculated by means of [41,43]

@
OFLL = 0.1727/;710(1 — [+ 1211 = VRPIA2, (D)

where h = H,pp1/Her and Hyyp is the applied magnetic field.
The calculated inverse-square of the magnetic penetration
depth is proportional to the superfluid density A~2(T) o
psc(T) and is shown in Fig. 9 for WBey,. Below T./3, the
two superfluid densities pg.(T), determined via TF-15 and
TF-40 mT SR measurements, are practically independent of
temperature. This is in agreement with the specific-heat data,

shown in Fig. 5, indicating a fully gapped superconducting
state. Therefore, we applied an s-wave model to analyze the
pse(T) data:

o E ad
psc(T) =1+2 f

ATy JE2 — A2(T) OE

Here, f = (1 + ¢£/%7)~1 is the Fermi function, and the
temperature dependence of the gap is assumed to follow
A(T) = Aotanh{1.82[1.018(T./T — 1)]>3} [44,45], where
Ay is the gap value at zero temperature (here assumed as
the only adjustable parameter). As shown by solid lines in
Fig. 9, the temperature-dependent »~2(T) is consistent with
an s-wave model with a single gap for both applied fields. For
TF-15 mT, the zero-temperature magnetic penetration depth
is Ap = 168(2) nm and the estimated gap value is Ay =
1.80(5) kgT.. The latter is fully compatible with the standard
BCS prediction (Ag = 1.76 kg T¢.), confirming the weakly cou-
pled superconductivity. For TF-40 mT, we find Ao = 105(3)
nm and Ay = 1.35(5) kgT:. In this case, due to the low H,,,
even an applied field of 40 mT suppresses the superconducting
gap significantly.

Finally, although high-pressure @SR measurements did
not provide quantitative results, we can still draw qualitative
conclusions. The evolution of the @SR relaxation rate as a
function of temperature suggests a suppression of T, with ap-
plied pressure. In addition, within the experimental error, we
could not detect a change in the nature of superconductivity—
the s-wave pairing is preserved up to at least p = 2.1 GPa.
Finally, the lack of significant changes in relaxation down
to the lowest temperature is compatible with the lack of a
possible pressure-induced magnetic order.

E, ®)

IV. CONCLUSIONS

By combining results of magnetization, specific-heat, and
uSR experiments, we investigated the superconductivity of
MoBe,, and WBey,. Both systems exhibit a weakly-coupled
BCS-like superconducting state below 7. = 2.7 K (MoBej;)
and T, = 4.3 K (WBey,). The modest values of the electronic
specific-heat coefficient (y, = 6.8 m] mol;i K=2 and
10.0 mJ mol;ul_ K~?), as well as the low upper critical
field values [uoH»(0) =48 mT and 58 mT] are all
compatible with a standard BCS-like behavior. In both
cases, high-pressure ac-susceptibility and ©SR results show
a linear decrease of T, with pressure with a similar slope
(dt/dp ~ —50 x 1073 GPa™!) and no change in the nature
of superconducting pairing.
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