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Quantum muon diffusion and the preservation of time-reversal symmetry in the superconducting
state of type-I rhenium
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Elemental rhenium exhibiting type-II superconductivity has been previously reported to break time-reversal
symmetry in the superconducting state. We have investigated an arc-melted sample of rhenium exhibiting type-I
superconductivity. Low-temperature zero-field muon-spin relaxation measurements indicate that time-reversal
symmetry is preserved in the superconducting state. Muon diffusion is observed, which is due to quantum
mechanical tunneling between interstitial sites. The normal state behavior is characterized by the conduction
electrons screening the muons and thermal broadening, and is typical for a metal. Energy asymmetries between
muon trapping sites and the superconducting energy gap also characterize the superconducting state behavior.

DOI: 10.1103/PhysRevB.105.L.020503

I. INTRODUCTION

A transition into a conventional superconducting state is
represented by the spontaneous symmetry breaking of the
global U (1) gauge symmetry. If any other symmetries, such
as time-reversal symmetry (TRS), are broken, then the su-
perconductor can be characterized as unconventional [1].
Zero-field muon-spin relaxation (ZF-uSR) measurements can
detect TRS breaking because the muons interact with sponta-
neously generated magnetic fields which can have magnitudes
dependent upon the size of the order parameter. Hence TRS
breaking can be observed via an increase in the muon re-
laxation rate on cooling through the transition temperature,
T.. TRS breaking has been directly observed using uSR in
LaNi(C, Ga), [2,3], the filled skutterudites PrOs4Sby, [4] and
PrPtyGe;; [5], and the caged compounds (Lu, Y, Sc)sRhgSn;g
[6-8]. However, there are conflicting results for UPts [9-11],
the layered perovskite SrpRuO4 [12-16], and the recently
discovered Zr3Ir [17,18]. In single crystals of 4Hb-TaS, the
observation of TRS breaking is thought to be due to chiral
superconductivity [19].

In noncentrosymmetric (NCS) superconductors, the ab-
sence of inversion symmetry in the crystal structure allows
an antisymmetric spin-orbit interaction, and can lead to pair-
ing states with a mixture of spin-singlet and spin-triplet
components [20,21]. Multigap superconductivity can also be
observed, for example in the TRS breaking alloy LayNis [22].
Other NCS binary lanthanides in this family, which include
La;(Ir, Rh, Pd);, also break TRS, but show a conventional,
fully gapped s-wave pairing from transverse-field muon-spin
rotation and heat capacity measurements [23-26].

Several rhenium-based superconductors, which form in the
NCS «a-Mn structure (space group 143m), including Rey,Tis,
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Reg(Zr, Hf, Ti), and Re( g,Nby 15, also show the behavior of
La;(Ir, Rh, Pd); [27-39]. Recent ZF-uSR measurements in-
dicated that elemental rhenium, which is centrosymmetric
(space group P63/mmc), also breaks TRS [38]. This calls
into question the role the NCS structure plays in the ob-
served behavior and alternative explanations for the TRS
breaking in Re-based materials are actively being sought. For
example, electronic structure calculations show a spin-triplet
component of the superconducting ground state of rhenium is
allowed if spin-orbit coupling and orbital degrees of freedom
are considered [40].

However, there are additional observations that complicate
this discussion. A linear dependence between the nuclear
magnetic moment and the internal magnetic fields generated
in the superconducting state for rhenium-based superconduc-
tors has been proposed [38], which includes ResW [41] and
recently reported Re; B and Re;B3 [42,43]. But despite having
a nuclear moment of approximately 3 nuclear magnetons,
TRS is preserved in Res;Ta [44], and so does not follow
this trend. Furthermore, rhenium can exhibit both type-I and
type-1I superconductivity. Samples that have been melted or
annealed to remove internal strain are type-I, with a transition
temperature TcI = 1.7 K [45]. Powders on the other hand are
usually reported as type-II with higher values of 7; [38].
Applying shear strain can produce 7, values as high as 3.4 K
[46]. This sample-dependent behavior motivated the work
presented in this Letter, to determine whether type-I rhenium
breaks TRS.

When analyzing low-temperature «SR data it is often as-
sumed that the implanted muons are static. In this case, the
periodic potential barrier of the crystal traps the muons in
fixed sites defined by the spatial symmetry. But muon diffu-
sion is still possible if the transitions between sites are due to
quantum mechanical tunneling [47,48]. Conduction electrons
in a metal act to screen the muons, so a combination of the
bare muon and screening charge must be considered when
modeling the diffusion. The presence of superconductivity

©2022 American Physical Society
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complicates things further, since any inelastic scattering of the
screening electrons is limited due to the formation of Cooper
pairs.

In contrast to results found for type-II rhenium [38], ZF-
uSR measurements indicate that TRS is preserved in the
superconducting state in type-I rhenium. Within the temper-
ature range studied, we observe quantum muon diffusion,
where the normal state behavior is typical for a metal. In
the superconducting state, the diffusion can be qualitatively
described by the emergence of the superconducting energy
gap and energy differences between muon sites. Heat capacity,
resistivity, and magnetometry measurements do not indicate
any unconventional behavior and the superconducting param-
eters are in good agreement with the literature values.

II. EXPERIMENTAL DETAILS

Disks of thickness 2-3 mm were cut from high-purity
(99.99%, Goodfellow Cambridge Ltd.) polycrystalline rhe-
nium rods of diameter 6.4 mm. To maximally remove the
internal strain, each disk was melted, flipped, and remelted
in an argon-arc furnace. To determine the type of supercon-
ductivity of the resulting Re buttons, magnetization (M) data
were taken on an Oxford Instruments vibrating sample mag-
netometer (VSM), in applied fields up to 5 mT. Other normal
state and superconducting properties were determined using
a Quantum Design Physical Property Measurement System.
Using the two-tau relaxation method, heat capacity (C) data
were taken using a *He insert at temperatures from 0.5 to 3 K
in fields up to 25 mT. Resistivity (o) data were taken using the
four-probe alternating current method in ZF at temperatures
from 1.8 to 300 K.

ZF-uSR measurements were used to investigate the na-
ture of the superconducting state in type-I rhenium, and in
particular to see if TRS is preserved. Data were taken at tem-
peratures from 92 mK to 20 K using the MuSR spectrometer
at the ISIS Pulsed Neutron and Muon source and are available
from ISIS [49]. The Re buttons were stuck onto a 30 mm
diameter silver sample holder using GE varnish. Silver foil
was wrapped around the sample holder to provide a uniform
thermal environment. Stray fields down to 10 uT were can-
celed in the sample space. A *He-*He dilution refrigerator
was utilized to take data for temperatures 7 < 4 K. Positrons
emitted from muon decay in the sample were detected in
64 detectors surrounding the sample space in a circular ar-
ray [50]. Half of the detectors are labeled forward and the
other half backward, where the direction is defined relative to
the initial muon spin. The muon asymmetry was determined
from A(¢) = [Np(¢t) — aNp(¢)]/[Nr(t) + aNp(t)], where Nr g
indicate the number of counts in the forward and backward
detectors, and o accounts for detector efficiencies and sample
thickness.

III. RESULTS AND DISCUSSIONS

A. Normal and superconducting state properties

Figure 1 shows p(T') of rhenium. The data were fitted using
p(T) = po + paa(T), where py is the residual resistivity due
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FIG. 1. Normal state resistivity of rhenium as a function of tem-
perature, p(T ). Data were fitted using the Bloch-Griineisen model for
atransition metal [51]. Uncertainties in resistivity values arising from
the nonuniform shape of the sample are shown by the outer band. The
inset shows evidence of type-I superconductivity from magnetization
versus field data, where D = 0.29(1) is the demagnetization factor of
the sample.

to defects and impurities, and
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is the Bloch-Griineisen resistivity. The parameter r is a
material-dependent constant, and ®g is a characteristic tem-
perature comparable to the Debye temperature. For transition
metals where the dominant source of resistivity is from
interband s-d transitions, a value of n =3 is the most
appropriate [51]. Using this value, the fit parameters r =
11.2(1.4) u2 cm, O®r = 352(8) K, and pp = 0.56(8) n2 cm
were obtained. The value of ®gr = 352(8) K lies in be-
tween the Debye temperatures of rhenium at low temperatures
(416 K [52]) and room temperature (280 K [53]). The resid-
ual resistivity ratio obtained is p3p0x/p0 = 33(5), which is
similar to values of 25-41 found for other polycrystalline
samples of Re [53]. Typical magnetization data taken us-
ing a VSM are shown in the inset of Fig. 1. The applied
magnetic field strength, H, was corrected using a demagne-
tization factor of D = 0.29(1) to account for the shape of
the sample using Hes = H — DM. Type-I superconductivity
is observed at each temperature studied. Curves at all tem-
peratures are almost completely reversible, apart from a small
amount of hysteresis around the critical field. Figure 2 shows
C(T)/T of rhenium which is in good agreement with pre-
vious work [52]. An applied field of 25 mT was enough to
drive the sample into the normal state. The data were fitted
to C/T = y, + BT* 4+ As/T?, where y, is the Sommerfeld
coefficient, g is the lowest-order phonon coefficient, and Ag
determines the hyperfine Schottky-anomaly contribution. The
resulting fit parameters y, = 2.22(3) mJ mol !K2, g =
0.032(1) mJ mol ™' K™, and As = 0.047(2) mJ K mol ™" are
in good agreement with the literature values [52], as expected.
A standard s-wave model was used to fit the ZF data in the
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FIG. 2. Heat capacity, C, divided by temperature, T, versus
T of rhenium. Normal state data were fitted by including elec-
tronic, phonon, and Schottky anomaly contributions. Zero-field (ZF)
superconducting state data were also fitted using a conventional,
single-gap s-wave model. The jump in heat capacity occurs at 7] =
1.70(1) K, which is the reported transition temperature of type-I
rhenium. Data obtained by Smith and Keesom are also shown [52].

superconducting state [54]. The entropy S was calculated from

S 6 Zo 1 1—f)In(1 — f)idy, 2
R TI/ inf -+ — Al — pldy, @)
where f =[1 + exp(E /kgT)]™! is the Fermi-Dirac dis-
tribution and the quasiparticle energy is given by E =
Ao/ y? + 8(T)?, where y is the contribution from the nor-
mal state electrons and A is the superconducting energy
gap at T =0 K. The temperature dependence of the en-
ergy gap was modeled by the expression [55] &6(T) =
tanh{1.82[1.018(T!/T — 1)]>'}. The heat capacity was then
calculated from

C— BT’ —As/T* d(S/wT))
YaT! B dr

3)

Fit parameters of As =0.031(2) mJ K mol~! and
Ao/kp Tcl = 1.74(1) were obtained. The Schottky constant is
smaller than expected, and the gap is larger than the value
of Ag/ksT! = 1.715 previously obtained [52]. Nevertheless,
the data are well described by a conventional s-wave model.
Having carefully verified the type-I superconductivity in these
samples, uSR spectroscopy was used to investigate the re-
ported TRS breaking in rhenium.

B. Zero-field muon-spin relaxation

Figure 3 shows ZF-uSR asymmetry time spectra taken
in the normal and superconducting states of type-I rhenium.
In the presence of randomly oriented nuclear dipole moments,
the asymmetry can be modeled by the Kubo-Toyabe relax-
ation function, given by [56]

1
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FIG. 3. Zero-field muon-spin relaxation spectra for type-I rhe-
nium above and below the superconducting transition temperature
T! = 1.7 K. Fits to each temperature curve were found using Eq. (5)
and include static relaxation effects and muon diffusion [56,57].
Longitudinal field (LF) data in 30 mT are also shown.

where o is the relaxation rate and Ay is the initial asymmetry.
However, by examining the 92 mK and 20 K data, a second
downturn in asymmetry can be seen at later times (outside the
time window of 0—8 ws shown in a previous study on type-1I
Re [38]), which is indicative of muon diffusion. The data at
these two temperatures are in good agreement up to ~6 us,
but the difference in asymmetry at later times indicates that the
diffusion is temperature dependent. ZF-uSR time spectra at
all temperatures were fitted within the strong collision model,
with the asymmetry, Aqig(?), given by [57]

Agire(t) = Apg + Axr(t)e™”
t
v f A (e Aga(t — Ddr. ()
0

where Agg is the background asymmetry from the silver sam-
ple holder, and v is the muon hopping rate. Here, the diffusion
is a Markovian process, where the muons hop between in-
terstitial sites in the sample and relax in the same way as
the static case in between hops. We report values of Agg =
0.110(2), Ap = 0.150(2), and o = 0.325(2) us~', where the
latter is in agreement with the value of o = 0.326 us~' found
at T =0 K for type-II Re [38]. Further information about
these parameters can be found in the Supplemental Material
[58]. The 4 K data in Fig. 3 show how v can dictate the entire
behavior of the asymmetry. A longitudinal field of 30 mT was
large enough to remove all spin relaxation from the signal.
This indicates that the internal fields are quasistatic with re-
spect to the muon lifetime, as expected for nuclear moments.

Figure 4 shows v(T) for a fixed o = 0.325 us~! and
Apg = 0.110, since Apg is not expected to vary in the tem-
perature range studied. The temperature axis is displayed on
a logarithmic scale to show the values of v across the full
temperature range. Data were fitted using [59]

F(K) :|T2Kl (6)
)

v(T) = ans |:F(KT
2

in the normal state, where ans = 0.20(1)us™' K!72% is

a constant related to the square of the tunneling matrix

L020503-3



JONAS, BISWAS, HILLIER, MAYOH, AND LEES

PHYSICAL REVIEW B 105, L020503 (2022)

0.8} I I i<— TC‘=I1.7K
o ! Normal fit
— 4 : £=001K
o, 0.6 ® £=0234K |
3 ¢ % &=1K
s~ 04F I e .
! °
° I
02} I o
e0oo © : °
OO sl il i | 1
0.1 1 10
T'(K)

FIG. 4. Muon hopping rate as a function of temperature, v(7),
where Agg = 0.11 and o = 0.325 us~' were fixed in the fitting.
Error bars are within the size of the data point markers. Data
were fitted in the normal state using v(T) = ans[I'(K)/T'(K +
1/21T?~1, where ans = 0.20(1) us™'K'"2(, and K = 0.20(2).
The three dashed curves below the superconducting state data were
simulated using expressions for small (¢;) and intermediate (¢;) en-
ergy asymmetries between muon sites [59], where the energies are
normalized by kg.

element and the cutoff frequency, and I is the gamma func-
tion. This temperature dependence was derived by Kondo
for metals, and takes into account the screening charge and
thermal broadening from the surrounding electrons [60,61].
The dimensionless parameter K is a measure of the muon-
electron interaction. The obtained value K = 0.20(2) is in
agreement with the value of K = 0.224(4) found for copper
in the temperature range 1 K to 10 K [62]. The reported value
for aluminium is K = 0.15 at low temperatures, although by
including a component from temperature-dependent trapping
the value should be modified to K = 0.32 [48]. A more com-
prehensive study of v(T) across a wider temperature range
would provide more insight into the behavior of the muon in
the normal state of rhenium.

The picture in the superconducting state is a complete
contrast to the normal state. Since Cooper pairs cannot in-
elastically scatter between sites, it is more difficult for the
screening charge to follow the muon, which leads to a
renormalization of K dependent on the energy gap, A(T).
Furthermore, an energy asymmetry between muon sites due to
crystal defects, &, means that the initial and final states of the
hop are not in coherence. Subsequently, if a muon initially be-
comes trapped close enough to a defect, they remain trapped.
The converse argument is also true due to the lack of inelastic
scattering.

For a small energy asymmetry (&5) expressed in units of
temperature, and neglecting phonon effects, the hopping rate
can be determined from [59]

2

X[ ~ TKT[MA(T)TK r(Kr)
2e¥ A(T) T F(KT n %)
x ¢ KSCD] (K, e, T)), ™

where Ky = 2K/[1 +¢*T/T] is the renormalized muon-
electron parameter, y = 0.5772 is Euler’s constant, and A(T")
is the energy gap. For the analysis relevant to this work, the
energy gap used was A(T) = 1.764T5(T'), which is the con-
ventional single s-wave energy gap normalized by kg. Both
6C(T) and w(K, &5, T) were set to zero; however, doing so
does not affect the qualitative behavior of v,(eg, T'), which is
the focus of this discussion. For intermediate energy asym-
metries (g;), the hopping rate from perturbation analysis is
modified to [59]

20" A(T)\* | m*K2T
vi(ei, T) = ans 3 — &
T & (1+ 52i)

It is important to note that physical systems do not have one
value of ¢, because a bulk sample will always contain defects.
Hence a range of ¢ values would be present and each muon
will have likely experienced different values at different points
in its lifetime. Nevertheless, the qualitative behavior can be
compared. For the fit parameters ans = 0.20(1) us~! K!=2K
and K = 0.20(2), simulated curves of 0.2v,(0.234 K, T') and
0.0005v5(0.01 K, T') are shown in Fig. 4, which correspond
to 20% and 0.05% of the muons experiencing the specified &
throughout the entire motion. In both cases, the hopping rate
increases to a maximum with decreasing 7', before decreasing
to zero, which agrees with the qualitative behavior of the
data down to 0.4 K. The peaks in vs(es, T') originate from
the quasiparticle excitations in the system. Just below T, the
fraction of Cooper pairs compared to quasiparticle excitations
is small, which means that the vy is not suppressed compared
to the normal state. However, as the temperature is lowered,
the decrease in normal electrons means that the muons have
less electrons available that can inelastically scatter. Since &
is too small to cause any Cooper pair breaking processes, the
muon decouples from the quasiparticle excitations (due to the
trapping potential from the defects that cause &), the diffusion
is suppressed, and vy decreases.

A simulated curve of 0.3v;(1 K, T) is also shown in
Fig. 4, corresponding to 30% of the muons experiencing
& = 1 K. This demonstrates the situation where the muon
decouples from the quasiparticle excitations and the hopping
becomes limited as the sample enters the superconducting
state.

Between 92 mK and 0.4 K, v is temperature indepen-
dent. Within the model used to simulate vg(eg, T), a smaller
percentage of muons is needed to produce the same v, maxi-
mum for a smaller g, which also shifts the peak to a lower
temperature. This can be seen by the prefactors present in
the examples shown. But applying this argument down to
the lowest temperatures does not have any physical meaning.
Alternatively, if the muons are split into a fraction that is
trapped and cannot hop, and another fraction that initially
stops far enough away from defects that it cannot get trapped,
a constant v indicates that the same fraction of muons are not
trapped.

IV. SUMMARY AND CONCLUSIONS

Quantum muon diffusion is the key to understanding
ZF-uSR measurements on rhenium that exhibits type-I
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superconductivity, where TRS is preserved in the supercon-
ducting state. While v(7") can be described quantitatively in
the normal state, where metallic behavior is observed, in the
superconducting state muon diffusion is a complicated pro-
cess in which several competing mechanisms contribute to
the observed behavior. Qualitatively however, v(7T') data are
well described if ¢ and A(T') are included in the discussion.
These results require a reconsideration of TRS breaking in
elemental rhenium, and demonstrate the importance of quan-
tum muon diffusion when analyzing muon spectroscopy data
at low temperatures. It would be interesting to investigate Re
samples with varying degrees of strain (defects) to determine

whether muon diffusion is significant in determining the form
of ZF-uSR spectra for type-1I Re.

Data will be made available via Warwick Research Archive
Portal [63].
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