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Noncentrosymmetric superconductor BeAu
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Mixed spin-singlet and spin-triplet pairing can occur in noncentrosymmetric superconductors. In this respect,
a comprehensive characterization of the noncentrosymmetric superconductor BeAu was carried out. It was
established that BeAu undergoes a structural phase transition from a low-temperature noncentrosymmetric
FeSi structure type to a high-temperature centrosymmetric structure in the CsCl type at T, = 860 K. The
low-temperature modification exhibits a superconducting transition below 7, = 3.3 K. The values of lower
(H.; = 32 Oe) and upper (H., = 335 Oe) critical fields are rather small, confirming that this type-1II (kg1 = 2.3)
weakly coupled (A., = 0.5, AC./y,T. ~ 1.26) superconductor can be well understood within the Bardeen-
Cooper-Schrieffer theory. The muon spin relaxation analysis indicates that the time-reversal symmetry is preserved
when the superconducting state is entered, supporting conventional superconductivity in BeAu. From the density
functional band structure calculations, a considerable contribution of the Be electrons to the superconducting state
was established. On average, a rather small mass renormalization was found, consistent with the experimental

data.
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I. INTRODUCTION

Since the discovery of superconductivity over a century
ago, much progress has been made in both utilizing and
understanding this intriguing phenomenon. Many groups of
materials exhibiting superconductivity have been found and
studied thoroughly in hopes of establishing a mechanism for
electron pairing that would lead to higher critical temperatures
and fields. Two symmetries are particularly important for the
superconducting state: time-reversal and inversion symmetry
[1]. If at least one of them is absent, Cooper pairing will likely
appear in an unconventional form. While noncentrosymmetric
superconductors (NCSCs) have been known for quite some
time, the field received a significant boost when CePt;Si,
the first noncentrosymmetric compound in which supercon-
ductivity is accompanied by a heavy-fermion behavior, was
discovered [2]. The absence of inversion symmetry gives rise to
Fermi surface splitting, which in turn promotes both intraband
and interband pairing [3]. Consequently, this produces an
admixture of spin-singlet and spin-triplet components, with
the ratio governed by the strength of the spin-orbit coupling
[4,5]. Furthermore, if spin-orbit coupling is strong, topological
superconductivity may arise in NCSCs [6-8].

Although time-reversal symmetry (TRS) breaking has been
observed in a number of centrosymmetric superconductors
[SroRuO4 (T: = 1.5 K [9,10]), UPt3 (T. = 0.5 K [11-13]),
Th-substituted UBe;; (7. =0.9 K [14]), (Pr; La)(Os;
Ru)4Sby; (0.74 K < T. < 1.85 K [15-17]), PrPtsGe;,
(T. =7.9 K [18]), LaNiGa, (2.1 K < 7T, < 2.7K [19,20])
and LaNiC, (T, = 2.7 K [20]), Y5RheSnig (7. = 3 K [21]),
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and LusRhgSng (T, = 4 K [22])], NCSCs are thought to be
more likely to break TRS. Nonetheless, while a large number
of NCSCs were studied systematically [23-35], TRS breaking
has only been confirmed in Reg¢Zr (T, = 6.75 K [36,37]),
RegHf (T, =5.98 K [38]), SrPtAs (T, = 2.4 K [39]), and
La;Ir; (T, = 2.25 K [40]). Given that TRS breaking has only
been established in a handful of materials, comprehensive
studies of existing NCSCs are crucial in order to determine
the origin of this exotic phenomenon.

The crystal structure of Be Au was previously reported to be
noncentrosymmetric with the cubic FeSi structure type in the
space group P23 [a = 4.659(1) 10\] [41]. Subsequent works
indicate a tetragonally distorted crystal structure along with a
possible high-temperature structural phase transition [42,43].
Superconductivity of BeAu was first stated to occur below T, =
2.64 K [44], with another report of T, = 3.2 K [45]. Given
conflicting 7, values and material quality issues [42,45], an
in-depth analysis of single-phase BeAu is necessary.

In this work, we present physical properties of polycrys-
talline, single-phase BeAu. It was established that BeAu un-
dergoes a structural phase transition from the low-temperature
(LT) FeSi structure type to a high-temperature (HT) CsClI
structure type at 7, = 860 K. The LT-BeAu exhibits Bardeen-
Cooper-Schrieffer (BCS)-type superconductivity below T, =
3.3 K. A full Meissner flux expulsion, along with a resistivity
drop below T, and y, =~ y, signal bulk superconductivity.
LT-BeAu can be classified as a weakly coupled superconductor
with AC/yyTe = 1.26, Ao, = 0.5, and 2A(0)/ kg T = 3.72.
The lower (H;; = 32 Oe) and upper (H., = 335 Oe) critical
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fields provide an estimate for the Ginzburg-Landau parameter
of k = 2.34 and mean-free path [ /&, = 1.15, classifying LT-
BeAu as a type-II superconductor in the clean limit.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The polycrystalline samples were synthesized by arc melt-
ing from elements Be (Heraeus, >99.9 wt.%) and Au (Alfa
Aesar, >99.95 wt.%) in a 51:49 ratio, with mass loss of
0.3%. A small excess of beryllium was added in order to
compensate for the Be loss due to evaporation. Complete
sample preparation was performed in argon-filled glove boxes
[MBraun, p(H,0/0;) < 0.1 ppm], dedicated to the handling
of Be-containing samples [46]. The obtained BeAu specimens
have a silver metallic luster. The as-cast samples were placed
in an alumina crucible, sealed in a tantalum tube, and annealed
in a tube furnace (HTM Reetz, Berlin, Germany) at 400 °C for
48 hin inert Ar atmosphere. Both as-cast and annealed samples
did not exhibit any air or moisture sensitivity.

Differential thermal analysis (DTA) was performed on a
Netzsch DTA 404 PC in the range from 600 to 1100 K, in alu-
mina crucibles under a steady Ar flow with a heating/cooling
rate of 10 K min~'.

Synchrotron powder diffraction data were recorded at the
Rossendorf Beamline BM20 at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). Sieved powdered
samples (grains < 20 um) were diluted with quartz powder,
packed in a quartz capillary (0.3 mm diameter) and measured
using a Nal(Tl)-scintillation detector.

Neutron diffraction data were collected on the BT-1 powder
diffractometer at the NIST Center for Neutron Research.
Collimators of 15, 20/, and 7’ were used before and after the
Cu (311) monochromator and after the sample, respectively,
and data were collected in steps of 0.05° in the 26 range of
20° to 150°. A powder sample of LT-BeAu was packed in a
cylindrical vanadium sample container with 6 mm diameter.

The temperature-dependent x-ray powder diffraction
(XRPD) pattern was recorded on a STOE STADIP MP diffrac-
tometer in Debye-Scherrer geometry, using Cu-K o radiation
[Ge(111) Johann-type monochromator]. A sieved powdered
sample (<20 um) of LT-BeAu was diluted with quartz powder
and packed under argon in a quartz capillary with a 0.3 mm
diameter. A diffraction pattern was first recorded at room
temperature. The graphite furnace containing the capillary
was then heated to 650 °C, after which the high-temperature
diffraction pattern was collected. The temperature of the
graphite furnace was adjusted by determining the temperature-
dependent lattice parameter of a silicon standard. Indexing of
the powder pattern, structure solution, and refinement were
performed with the WINCSD program package [47]. The lattice
parameters for both modifications of BeAu were determined
by a least-squares refinement on the peak positions.

All thermodynamic and transport measurements were per-
formed on the annealed specimens. Temperature- and field-
dependent dc magnetization measurements were carried out
in a Quantum Design (QD) Magnetic Property Measurement
System (XL 7) for temperatures between 2 and 300 K, and
for applied magnetic fields up to H = 0.05 T. Magnetization
data measured on arc-melted chunks and ground up powder
were identical. Heat capacity was measured from 0.4 to 5 K,
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FIG. 1. (a) Synchrotron x-ray and (b) neutron powder diffraction
patterns for LT-BeAu. Experimental intensities (/s) are represented
by black circles, while calculated (/) and difference intensities
(Iobs — Icarc) are shown as red and blue lines, respectively. The black
tick marks represent peak positions. Minute amounts of a secondary
phase are marked by asterisks.

in magnetic fields up to H = 0.05 T, using a QD Physical
Property Measurement System (PPMS 9, ACT option). The ac
resistivity measurements in a temperature range from 1.8 to
300 K were carried out using the standard four-probe method
in the QD PPMS in fields up to H = 0.05 T, with excitation
current i =4 mA and f = 17.77 Hz. Platinum wires were
attached to the polished surfaces of bar-shaped polycrystalline
sample using spot welding.

Muon spin relaxation («SR) data were collected at the
TRIUMEF laboratory in Vancouver, Canada, using the LAMPF
spectrometer on the M20 beamline. A helium flow cryostat
was used to access temperatures between 2 and 10 K. This
spectrometer gives a time resolution of 0.4 ns and achieves a
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TABLE I. Crystallographic data for BeAu.

Modification LT (FeSi type) HT (CsCl type)
Crystal system Cubic Cubic
Space group P2,3 (No. 198) Pm3m (No. 221)
Pearson symbol cP8 cP2
Formula units per cell Z=4 Z=1

Molar weight
Unit-cell parameter, a

205.98 (g mol ")
4.6699(4) A (295 K)

205.98 (g mol ™)
2.9702(2) A (923 K)

Unit-cell volume, V 101.844(4) A’ 26.202(5) A’

Calculated density 13.37 gcm™? 12.99 g cm™3
Neutron diffraction

Wavelength, A 1.53970 A

Specimen mounting Vanadium tube

Geometry Transmission

2eminv 2emzvu 29 step
RP’ RWP* Rexpts X2

3.0°,150.0°, 0.05°
0.0878,0.1170, 0.1012, 1.37

Parameters refined 4
Weighting scheme w;= Yi_l/ :

x-ray diffraction
Wavelength, A 0.459 20 A Cu-Kay; 1.540 56 A
Specimen mounting Quartz capillary Quartz capillary
Geometry Transmission Transmission

20min» 20max, 20 step
RP’ Rwrn Rexpu )(2
Parameters refined
Weighting scheme

5°,40°,0.001°
0.0976, 0.1315, 0.0644, 4.21
4

W= Yi—l/z

15°,90°, 0.02°
0.0495, 0.1168, 0.1138, 1.80
2

W= Yi—l/z

very low background by use of a veto cup after the sample.
Measurements were performed in zero field using copper
electromagnets to compensate for stray fields from other in-
struments and the Earth’s magnetic field. The field was zeroed
using a fluxgate magnetometer to yield H =0+£0.05 G.
The sample used for £SR measurements consisted of 30 slabs
with thickness of A1 mm, covering a total area of ~2 cm?.
The wSRFIT software package was used to fit the data. Details
of the SR technique can be found elsewhere [48-52].
Relativistic density functional theory electronic band struc-
ture calculations were performed using the full-potential FPLO
code [53,54] (version fplo14.00-47). The lattice parameters
and atom coordinates for LT-Be Au were taken from the neutron
and x-ray diffraction data. The Perdew-Burke-Ernzerhof [55]
exchange-correlation potential within the general gradient
approximation was chosen. Calculations applying the local
density approximation yielded essentially identical results.
The spin-orbit coupling was treated nonperturbatively, solv-
ing the four-component Kohn-Sham-Dirac equation [56]. To
obtain precise band structure information, the calculations
were carried out on a well-converged mesh of 8000 k points
(20x20x%20 mesh, 700 points in the irreducible wedge of the
Brillouin zone). Band structure calculations with and without
spin-orbit coupling yielded essentially identical results.

III. RESULTS AND DISCUSSION

From the synchrotron x-ray powder diffraction pattern
[Fig. 1(a) and Table I], the crystal structure of LT-BeAu was
solved and refined in the cubic space group P2;3. A neutron

powder diffraction experiment [Fig. 1(b) and Table I] was
performed in order to precisely determine the Be position, as
the coherent scattering length b, is of similar magnitude for
Be [beon(Be) = 7.79(1) fm] and Au [beon(Au) = 7.63(6) fm]
[57]. Confirming the previous paper [41], LT-BeAu crystallizes
in the noncentrosymmetric cubic FeSi structure type with a
lattice parameter a = 4.6699(4) A. This structure type can
be derived from the rock-salt type by stretching the crystal
structure along the trigonal axis, which, in turn, changes the
octahedral coordination of atoms [Fig. 2(c)]. Au atoms are
surrounded by 7 Be atoms with 2.460 A < dpean < 2.527 A
and 6 Au atoms with dpa,.ay = 2.879 A (Table III). Be atoms
are coordinated by 7 Au atoms with 2.460 A < dpeay <
2.527 A and 6 Be atoms with 2.885 A < dpepe < 2.886 A.
Due to the similar atomic radii of Au and Be, the crystal
structure of LT-BeAu geometrically does not deviate from
the centrosymmetric one: since 1 — x(Au)—x(Be) = 0.0041
here, the noncentrosymmetricity has only chemical reasons.
No evidence for an extended homogeneity range of BeAu

TABLE 1II. Atomic coordinates and displacement parameters
(in A?) for BeAu, obtained from powder diffraction data.

Atom LT-BeAu HT-BeAu

Site  x/a y/b z/c By Site x/a y/b z/c Bi

Aul  4a 0.15005) x x 0.64(13) la 0 0 0 LI1(7)
Bel 4a 0.8459(4) x x 09(2) 1b 1/2 1/2 1/2 1.8

2B;so(Be) is fixed.
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FIG. 2. X-ray powder diffraction pattern of BeAu, taken at 7 = 300 K (a) and 7" = 923 K (b). Peak positions are represented by vertical
tick marks. Crystal structures of LT-BeAu (FeSi type) (c¢) and HT-BeAu (CsCl type) (d). Au and Be atoms are represented by large yellow and

small blue spheres, respectively.

was found, as the lattice parameters change by less than one
standard deviation between samples with excess of Be or Au.
Therefore, the evolution of physical properties as a function of
composition was not investigated.

A transition from a low-temperature FeSi type modification
to a high-temperature one in the CsCl type was reported
for RuSi [58]. In FeSi, the transition to the CsCl structure
was induced by the application of pressure [59]. Given that
the possibility of a structural phase transition in BeAu was
previously suggested [43], differential thermal analysis was
performed in the range from 700 to 1100 K. A strong, reversible
thermal effect was observed at T, = 860 K (Fig. 3), which
prompted further crystallographic examination.

It was, however, not possible to quench the HT-BeAu mod-
ification to room temperature, thus, in situ high-temperature
x-ray powder diffraction was taken at T > T;. The x-ray
diffraction data, collected at 7 = 300 and 923 K, are shown
in Figs. 2(a) and 2(b), respectively. Atomic coordinates and
displacement parameters for the two phases are summarized
in Table II. The T = 300 K diffraction pattern is consistent

TABLE III. Shortest interatomic distances in LT-BeAu.

Coordination  Distance Coordination  Distance
(A) (A)
Aul 1xBel 2.459(3) Bel 1xAul 2.459(3)
3xBel 2.489(3) 3xAul 2.489(3)
3xBel 2.525(3) 3xAul 2.525(3)
6xAul 2.878(3) 6xBel 2.885(2)

with the FeSi structure type, shown in Fig. 2(c), while the
T =923 K data indicate a transformation into the CsCl
structure type, depicted in Fig. 2(d). The crystal structure of
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FIG. 3. Differential thermal analysis curve for BeAu taken on
heating (solid red curve) and on cooling (dashed black curve). The
endothermic anomaly at 7, = 860 K (vertical dashed line indicates
the onset temperature) corresponds to the structural phase transi-
tion, while the second, larger feature marks the melting point with
T, =995 K.
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FIG. 4. (a) Zero-field-cooled (full symbols) and field-cooled
(open symbols) temperature-dependent magnetic susceptibility data,
scaled by 4w, for LT-BeAu in H =5 Oe. (b) The temperature-
dependent susceptibility data for 5 Oe < H < 250 Oe were corrected
for demagnetizing effects using Eq. (1). Note: 1 Oe = (1000/47w)
A/m.

HT-BeAu was refined to yield a lattice parameter a =
2.9702(2) A. In HT-BeAu, Au atoms are coordinated by eight
Be atoms with dpe.ay = 2.572 A and six Au atoms with
dawau = 2.970 A.

The temperature-dependent magnetic susceptibility of LT-
BeAu is shown in Fig. 4 for H = 5 Oe. Both zero-field-cooled
(full symbols) and field-cooled (open symbols) data show a
sharp diamagnetic transition at 7, = 3.3 K, demonstrating the
onset of bulk superconductivity. The Meissner fraction values
exceed 100%, calling for a geometric correction, using the
following expression:

4 x
AT Xeff = ————, 1
Xefft = 7 Nax ()
where Ny = % is the demagnetizing factor for a spherical

or cubic sample geometry [60,61]. Resultant scaled data are
shown in Fig. 4(b) for 5 Oe < H < 250 Oe. The application

400 y T T T T T T T T T T T
L. LT-BeAu
S R H, from M(T)
300 & N (o] H;from MHY
N . H,, from Cp
@ H, from p(T)
TI? h N H,, from M(H
C 200} — @ |
IO
100 - :

FIG. 5. (a) H-T phase diagram for LT-BeAu. The values of the
critical field H(T) (triangles) are extracted from M (7T) data, while
the values of H.(T) (circles) are taken from susceptibility M(T)
(full), magnetization M(H) (open), specific heat C, (dotted), and
resistivity p(T) (crossed). Dotted and dashed lines are fits of the data to
Eqgs. (6) and (7), respectively, extrapolated to give H,;(0) and H,(0).

of a magnetic field rapidly suppressed superconductivity, such
that 7. becomes smaller than 1.8 K for H > 175 Oe. This
allows to extract the values of the upper critical field H,,
corresponding to entrance into the normal state (these values
are represented with full circles in Fig. 5). Another estimate of
the superconducting transition temperature 7.(H) comes from
the field-dependent magnetization data, shown in Fig. 6. These
data were again scaled to account for the demagnetization ef-
fect. The isothermal magnetization curve for 7 = 1.8 K, shown
in Fig. 6(a), was taken as a function of increasing (full symbols)
and decreasing (open symbols) magnetic field. The magneti-
zation curve is typical for a type-1I superconductor [62]. The
magneticisotherms for 1.8 K< T < 3.3 K, plotted in Fig. 6(b),
were used to estimate H.; and H.,. The values of the lower
critical field H;; are defined as the field at which the M(H)
curves deviate from the line with the initial slope of the M (H)
curve. These values decrease monotonically with increasing
temperature and are summarized in Fig. 5 as orange triangles.

Bulk superconductivity of LT-BeAu is also confirmed via
specific-heat measurements, shown in Fig. 7: a sharp supercon-
ducting transition occurs at T, = 3.3 K, in agreement with the
magnetization data presented above. In the normal state, the
specific-heat data are well represented by C, = yT + BT>,
in accordance with Fermi-liquid theory [62]. A linear fit to
Cp/T versus T? above T, (not shown) gives the value of the
Sommerfeld coefficient y, = 1.94 mJ/mol K? = 1.27x10?
J/m3 K2 and 8 = 66.4 uJ/mol K*. These values are similar
to what has been reported for other NCSCs [63-67]. Using the
value of y,, it is possible to estimate the effective mass m™ from
the following relation [62]:

_ Vnhzk}%
N nlnky’

*

@)

014501-5



A. AMON et al.

PHYSICAL REVIEW B 97, 014501 (2018)

40 T T T T T T 3

M (emu/mol_ ;)

M (emu/mol_ ;)

-100

120 F 1

(b)
-140 1 1 I I I I
0 30 60 90 120 150 180 210

H,, =H - N,M (Oe)

FIG. 6. (a) Field-dependent zero-field cooled (full symbols) and
field-cooled (open symbols) magnetic isotherms for LT-BeAu at T =
1.8 K. (b) Magnetic isotherms M (Hg) for the 1.8 K <7 <3.3K
temperature range. Note: 1 emu = 1073 A m?.

where n is the charge-carrier density, calculated assuming
one electron is contributed by Au, yielding n = Z/ Ve =
3.93%x10%® m—3. The unit-cell volume V. is the room-
temperature value, however, we expect that this quantity is
only weakly temperature dependent. The Fermi wave vector
kg can then be estimated assuming a spherical Fermi surface as
ke = /37%n = 1.05 A" This yields m* = 2.3m,, indicating
a nearly negligible electron mass enhancement. The value of
Vg = 5.6x10° m/s is close to the value obtained from band
structure calculations (5.1x10° m/s) and is comparable to
what has been observed in other NCSCs [63,68,69]. Using
the value of 8, the Debye temperature 6 can be calculated
from the following expression [62]:

1474 Nark
b =] ”T”B 3)

where r = 2 is the number of atoms per formula unit in LT-
BeAu. The value of 6p = 388 K can then be used to estimate
the strength of the electron-phonon coupling, employing the
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FIG. 7. (a) Electronic specific heat C. of LT-BeAu, scaled by
temperature 7. The entropy conservation construction gives the ratio
AC./ynT. = 1.26 with the solid line representing a fit of C./T to
the expected BCS relation. (b) Specific-heat data for LT-BeAu in
magnetic fields 0 < H < 750 Oe. Inset: field dependence of y,, with
the solid lines as guides to the eye.

McMillan’s formula [70]

1.04 + mln(%) @

hep = :
(1 - 0.62uM)In(127) — 1.04

The variable p* represents the repulsive screened Coulomb
potential with typical material-specific values in the range
0.1 < p* < 0.15. Typically, materials with A.., — 1 are clas-
sified as strongly coupled superconductors, while A, — 0.5
indicates weak coupling [70]. For LT-BeAu, 0.48 < Acp <
0.58, which is similar to the values reported for other weakly
coupled NCSCs: LaRhSi; [63], Ru;B; [69], LaPtSi [66],
Th7C03 [68], and Nbo,sOS(),s [33]

Once the phonon contribution to the specific heat (873)
has been subtracted, an equal entropy construction for the
H = 0 data is shown in Fig. 7(a). The value for the jump
in the electronic specific heat C, at T, ACe/yn T, =~ 1.26, is

014501-6
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comparable to the BCS value of AC./y,T. = 1.44, indicating
that LT-BeAu is a weakly coupled superconductor, consistent
with the A, values obtained above. The superconducting
electronic specific-heat coefficient y; can be determined as
the difference between the normal-state electronic specific-
heat coefficient ), and the residual electronic specific-heat
coefficient y;.. The latter can be estimated as Y5 = Ce/T
at the lowest temperature 7 = 0.35 K at zero field is only
0.10 mJ/mol K2, yielding y, = 1.84 mJ/mol K2. Thus, ys ~
¥n, signifying that superconductivity of LT-BeAu is a bulk
effect, consistent with the full Meissner fraction observed
in magnetization (Fig. 4). The electronic specific-heat data,
shown in Fig. 7(a), are fit with the expression expected from
the BCS theory C./T o e~2/%T [62], yielding A(0) = 0.26
meV = 3kg K. The good agreement between the measured
data (green symbols) and the BCS fit (black line) for LT-BeAu
provides compelling evidence for an s-wave isotropic BCS su-
perconducting gap in the electronic density of states, occurring
exactly at the Fermi level. The fit yields 2A(0)/ kg T, = 3.72,
which is comparable to the weak-coupling value of 3.52,
expected within the BCS theory [62]. This implies similarity
of LT-BeAu with other weakly coupled NCSCs LaRhSi3 (3.24
[63]), RusB3 (3.52[69]), Mg, oIr19B 16 (3.59[71]), RecHf (3.64
[72]), Nbo_lgReo.gz (367 [73]), and MO3A12C (402 [74])

Consistent with magnetization data, the application of a
magnetic field suppresses 7. rapidly, as evident from the
field-dependent specific-heat data, shown in Fig. 7(b). The
values of H.,, extracted for corresponding temperatures, are
plotted in Fig. 5 as dotted circles. In order to examine the
evolution of y,, and, hence, the nonsuperconducting density
of states at the Fermi level as a function of magnetic field,
Cp/T(0.35 K)(H) is extracted for various H. As can be seen
from the inset of Fig. 7(b), a linear field dependence is followed
by a plateau region. The value of Cp/T(0.35 K)(H) saturates
above Hy, = 300 Oe ~ H.,, consistent with what is expected
for an isotropic gapped superconductor within the conventional
BCS picture [62].

Another piece of evidence for the superconductivity in
LT-BeAu is given by an abrupt drop in resistivity below T,
as summarized in Fig. 8. As can be seen from the inset of
Fig. 8(a), upon entering the superconducting state, p(7") drops
from ~1 ©2 cm to zero both on warming (open symbols) as
well as on cooling (full symbols). The normal-state resistivity
of LT-BeAu is well described within the Bloch-Griineisen
model [75-78], as evidenced by a least-squares fit [solid line
in Fig. 8(a)] to the following expression:

4B T n op/T anZ
Y= po+ —(— L e
PI) = po+ o (9D> /0 e — (1 —e9)

&)

The Bloch-Griineisen relation describes the data up to
room temperature, even above 6, /4, indicating significant s-d
band scattering. While the value of n is typically fixed to
be 2, 3, or 5 [76], the best fit for LT-BeAu is obtained for
n = 2.54. This yields residual resistivity pop = 0.97 u2 cm,
Debye temperature 6p = 398, the electron-phonon coupling
constant B = 7.8 m2 cm K, and the coefficient of the cubic
term k = 3.7x 10~ 1 cm/K3. The value of the Debye tem-
perature 6 is close to that extracted from the specific-heat data.
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FIG. 8. (a) Zero-field temperature-dependent resistivity for LT-
BeAu (green symbols), black line is a fit to the Bloch-Griineisen
expression [Eq. (5)]. Inset: data taken on warming (open symbols)
and on cooling (full symbols) yields the same value of 7. (b) Low-
temperature resistivity of LT-BeAu, taken in 0 < H < 300 Oe.

The sharp transition, the low value of the residual resistivity
just above the superconducting transition, and the high residual
resistivity ratio (RRR = 38), reflect good sample quality.
Using the value of the residual resistivity py, Fermi velocity
vg, and the effective mass m*, it is possible to estimate the
mean-free path [ within the Drude model [62]. The values of
7 =2.16x10"" s and / = 113.7 nm are both comparable to
other NCSCs [2,63,69].

When a magnetic field is applied, as presented in Fig. 8(b),
the superconducting transition is quickly suppressed. The
values of T,(H), extracted from the field-dependent resistivity
datausing the 50% criterion, are represented in Fig. 5 as crossed
circles. Together with the values obtained from magnetization
and specific-heat data, they comprise the H-T phase diagram,
shown in Fig. 5. First, the evolution of H;; as a function of T
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FIG. 9. Zero-field uSR data for LT-BeAu: uSR polarization
spectra for 2.3 K < 7T < 9.75 K. Symbols represent the measured
data, while the solid lines are fits to Eq. (9). Inset: the relaxation rate
o, extracted from the fits to Eq. (9), does not show any temperature
dependence.

is fit using the Ginzburg-Landau relation [62]

T7\2
H.(T) = Hcl(0)|:1 - (F) } (6)
20 ] | T T
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— Au
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0 1 | 1 1
-10 -5
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The fit is shown as a black dotted line in Fig. 5, yielding
H.1(0) = 32 Oe. The evolution of the upper critical field
H., as a function of temperature is shown in Fig. 5 as open
and full (from magnetization data), dotted (from specific-heat
data), and crossed circles (from resistivity data). Given that the
influence of spin-orbit coupling for the LT-Be Au is rather weak,
the data are fit with the following Ginzburg-Landau relation
[62]:

7\2
- (%)

Ho(T) = HCZ(O)ﬁ
1+ (£)

The fit is shown as a black dashed line in Fig. 5, yield-
ing H.(0) = 335 Oe. The value of H(0) can then be
employed to estimate the Ginzburg-Landau coherence length
&cL(0) = 99.1 nm [62]. Consequently, the penetration depth is
AgL(0) = 231.7nm [79]. The Ginzburg-Landau parameter x =
AL(0)/EGL(0) = 2.34 > 1/4/(2), indicating that LT-BeAu is
a type-II superconductor [62]. Moreover, the ratio [ /§; = 1.15
indicates that LT-BeAu is closer to the clean limit and is consis-
tent with the large mean-free path justabove 7. Since LT-BeAu
is classified as a type-II superconductor, the thermodynamic

critical field H, was obtained using the following equation
[62]:

@)

He1(0)He(0) = HZn[kgr(0) +0.08] = 155 Oe.  (8)

Zero-field uSR polarization spectra for LT-BeAu, collected
at temperatures below and above 7, = 3.3 K, were examined
for evidence of time-reversal symmetry breaking within the

A
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FIG. 10. Band structure calculation for LT-BeAu: (a) electronic total, partial, and orbital resolved density of states of LT-BeAu. The low-lying
states are dominated by contributions of Au, whereas at the Fermi level Au and Be contribute almost equally. (b) Band dispersion of the valence
band along the high-symmetry directions in LT-BeAu. The rather narrow bands in the energy window between —8 and —3 eV originate from
the rather localized Au 5d states. The band split due to the spin-orbit coupling is moderate; at the Fermi level it is only of the order of 100 meV,

as evident from (c).
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superconducting state. The spectra (Fig. 9) exhibit a weakly
relaxing signal, indicative of a small randomly oriented internal
field in LT-BeAu. No obvious change occurs as the temperature
is decreased below T, = 3.3 K. The data are fit with the
following equation:

P= (4420 - @02 ). ©

where o is the Gaussian relaxation rate [80]. This formula
represents the static Gaussian Kubo-Toyabe function which
describes the relaxation arising from a concentrated randomly
oriented array of magnetic moments, consistent with what
would be expected from nuclear moments. The inset of Fig. 9
shows the relaxation rate o as a function of temperature and
confirms that there is no systematic change across 7.. The
scatter in o of 0.004 s~ can be related to a change in the
internal field, using the muon gyromagnetic ratio of y,, /2w =
135.5 MHz/T as AB = Ao /y, = 0.05 G. This signals that
the internal field in the sample fluctuated by 0.05 G during
the measurements, which is consistent with the confidence in
the zero-field condition of 0 &+ 0.05 G. This suggests that no
time-reversal symmetry-breaking fields exist in LT-BeAu or,
at least, any such fields must have a magnitude smaller than
0.05 G. This limit is substantially smaller than the 0.08-0.5 G
size of time-reversal symmetry-breaking fields that has been
reported for other materials [9,37].

To gain deeper insight into the nature of the supercon-
ducting state of LT-BeAu, density functional calculations of
the electronic band structure were performed, with the results
summarized in Fig. 10. The states close to the Fermi energy
Er are the most relevant for superconductivity, and, as can be
seen from Fig. 10(a), Au and Be bands contribute equally. The
sizable contribution of Be at Ep suggests that the supercon-
ductivity is strongly related to phonon modes of the light Be
atoms. Furthermore, the 5d and 6p bands of Au contribute
equally, while the Be density of states is dominated by the 2p
band. The value of the normal-state Sommerfeld coefficient yy,
calculated using the density of states at the Fermi level N(EF),
is 9 = 1.5 mJ/mol K2, which is close to the experimental
Sommerfeld coefficient y, = 1.9 mJ/mol K. The value of

the electron-phonon coupling constant Ag = 0.3 is slightly less
than the experimental one (A, — 0.5). Away from the Fermi
level, the valence band is dominated by the almost fully filled
5d shell of Au. The dispersion of the individual 5d related
bands [binding energy between —8 and —3 eV, as shown in
Figs. 10(b) and 10(c)] is surprisingly small, indicating a rather
localized electron behavior.

IV. CONCLUSIONS

In this work, we have characterized LT-BeAu, a cubic
noncentrosymmetric superconductor with 7, = 3.3 K. Crys-
tallographic data along with full Meissner fraction, and a small
width of the superconducting phase transition observed in
magnetization, specific heat, and resistivity data, attest to the
high sample purity, crystallinity, and crystallographic order.
This type-II superconductor (kgL = 2.3) is weakly coupled
(Aep = 0.5, ACe/ynT. ~ 1.26) and can be well described
within the BCS theory. The ©SR analysis indicates that the
time-reversal symmetry is preserved when the superconduct-
ing state is entered, supporting conventional superconductivity
in LT-BeAu. It was also established that BeAu undergoes
a structural phase transition from the low-temperature FeSi
structure type modification to a high-temperature CsCl struc-
ture type at 7y = 860 K. Since Ef islocated in alocal maximum
of the electronic density of states, chemical substitutions are
not likely to enhance 7. Therefore, further investigations will
concentrate on the behavior of the superconducting state under
application of pressure. Single crystals of both LT-BeAu and,
possibly, HT-BeAu are also highly desirable and will be the
focus of future work.
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