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We report zero-field (ZF) and transverse-field (TF) muon-spin rotation/relaxation (uSR) measurements on
superconducting Lij gsFeAs (7. >~ 16.0 K) grown by a high-pressure self-flux method. The ZF-xSR data show no
detectable change of the electronic relaxation rate on cooling through T;, providing no evidence for time-reversal-
symmetry breaking in the superconducting state. TF-SR measurements reveal a well-developed vortex response
with strong flux pinning and a negligible nonsuperconducting contribution, confirming that superconductivity
is a bulk property of the sample. From the second moment of the internal field distribution we determine a
low-temperature in-plane magnetic penetration depth 1,, = 245(15) nm. The temperature dependence of the
normalized superfluid density is well described by an effective two-gap model with A; = 2.0(2) meV and
A, =0.7(2)meV. A quantitative comparison with band weights derived from angle-resolved photoemission
spectroscopy shows that the SR response is dominated by the Fermi-surface sheets carrying the intermediate
and small superconducting gaps, whereas the band hosting the largest gap contributes only about 3% to the total
superfluid density and is therefore not resolved in the present analysis. Taken together, these results provide
an independent bulk confirmation of nodeless multigap superconductivity in Lij 9sFeAs without detectable time-
reversal-symmetry breaking and show how ;SR reconciles the gap scales reported by bulk- and surface-sensitive

probes in this multiband system.

DOI: 10.1103/zlzx-qty2

I. INTRODUCTION

LiFeAs is one of the most intriguing members of the Fe-
based superconductors (FeSCs) [1,2]. Unlike many FeSCs,
where superconductivity emerges only after chemical doping
suppresses magnetic order, LiFeAs is intrinsically supercon-
ducting in stoichiometric form, without the need for external
chemical substitution or pressure [2—4]. Moreover, it does not
show long-range magnetic or structural order in the normal
state. These characteristics make LiFeAs an attractive model
system for investigating the intrinsic superconducting prop-
erties of FeSCs without the additional complexity introduced
by substitutional disorder. At the same time, the absence of a
nearby ordered phase makes LiFeAs a particularly stringent
platform for identifying which electronic instabilities are gen-
uinely relevant for superconductivity.

Despite this apparent simplicity, the superconducting
state of LiFeAs remains a matter of active discussion.
Angle-resolved photoemission spectroscopy (ARPES) has es-
tablished a multiband Fermi surface with hole pockets around
I" and electron pockets around M, together with a pronounced
disparity in the superconducting gap values on the different
Fermi-surface sheets [5—12]. A schematic representation of
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the LiFeAs Fermi surface is shown in Fig. 1. In the com-
monly used notation, the inner hole pocket («) possesses
the largest superconducting gap, the outer hole pocket (8)
the smallest one, while the two electron pockets (y and §)
host intermediate gaps of nearly equal magnitude [11,13,14].
This band-selective gap hierarchy is important when com-
paring different experimental probes, because each technique
weights the individual Fermi-surface sheets differently. Bulk-
sensitive probes such as specific heat [6,15,16], lower critical
field [17,18], and the superfluid density study [19,20] are
broadly consistent with nodeless two-gap superconductivity,
although the gap magnitudes extracted by different tech-
niques are not identical. By contrast, tunneling [21-27]
and Andreev-reflection experiments [28-30] often emphasize
larger gap scales and in some cases suggest an effective
three-gap description. Consistent with this, ARPES also sup-
ports an intrinsically three-gap superconducting structure in
LiFeAs, although the corresponding gap magnitudes differ
somewhat from those inferred from tunneling and Andreev-
reflection experiments [11,13,14]. The resulting spread of
reported energy gaps is one of the central unresolved issues for
LiFeAs.

An additional important issue in LiFeAs is whether the
superconducting state may break time-reversal symmetry.
Theoretical analyses of the multiband pairing problem have
shown that, besides different real s-wave configurations,
LiFeAs may under appropriate conditions support a mixed
state such as s + is or s 4 id [31]. On the other hand, phase-
sensitive Bogoliubov quasiparticle-interference experiments
have been interpreted in favor of a sign-changing but time-
reversal-invariant s1 state [32,33]. Clarifying this distinction
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FIG. 1. Schematic representation of the LiFeAs Fermi surface.
The inner hole pocket («) hosts the largest superconducting gap, the
outer hole pocket () the smallest gap, while the electron pockets (y
and §) carry intermediate gap values of nearly equal magnitude. The
Fermi-surface topology is based on the ARPES study of Borisenko
et al. [5], while the present schematic follows the representation used
by Dai et al. [8].

is important for understanding the superconducting order pa-
rameter in LiFeAs.

Recent spectroscopic work has also discussed the possibil-
ity of superconductivity-driven nematicity in LiFeAs [11,25].
While such a scenario concerns rotational rather than time-
reversal symmetry, it underlines the need for bulk-sensitive
probes that can determine whether superconductivity is ac-
companied by additional broken symmetries and can isolate
the intrinsic bulk condensate response.

In this context, bulk-sensitive local probes are particu-
larly important. Zero-field (ZF) muon-spin rotation/relaxation
(uSR) is among the most sensitive techniques for detecting
spontaneous internal magnetic fields and therefore provides
a direct test for time-reversal-symmetry breaking (TRSB) in
the superconducting state. Transverse-field (TF) uSR, on the
other hand, gives direct access to the vortex-state field dis-
tribution and thus to the magnetic penetration depth and the
temperature dependence of the superfluid density ps(7). In a
multiband system such as LiFeAs, this is especially valuable
because ps(T) weights the individual bands according to their
contribution to the condensate stiffness, rather than simply re-
flecting the largest gap scale [34—37]. As a consequence, SR
is expected to be most sensitive to the Fermi-surface sheets
that dominate the bulk superfluid response, while a weakly
weighted band may remain unresolved in the measured o5(T').
TF-uSR measurements in LiFeAs also require some care,
since field-induced magnetism has been reported at elevated
applied fields in samples with suppressed superconductivity
[38]. For this reason, the present study focuses on low applied
fields in order to probe the intrinsic bulk vortex response as
directly as possible.

In this work we present a combined ZF- and TF-uSR in-
vestigation of LiygsFeAs prepared by high-pressure self-flux
growth [39]. The ZF measurements show no evidence for
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FIG. 2. Zero-field cooled (ZFC) volume susceptibility x,(7T) of
a representative LigosFeAs single crystal measured in an applied
field of 1 mT. The crystal was taken from the same growth batch
as that used for the uSR experiments. The straight lines indicate the
procedure used to determine 7. = 16 K from the intersection of the
linearly extrapolated transition with the x, = 0 line.

spontaneous internal fields appearing below 7 in agreement
with Ref. [40], thereby placing stringent constraints on time-
reversal-symmetry breaking in the superconducting state. The
TF data reveal a well-developed vortex response with strong
pinning and a negligible nonsuperconducting contribution,
demonstrating that superconductivity is a bulk property of the
sample. The resulting temperature dependence of the super-
fluid density is well described by an effective two-gap model.
By comparing the ©SR results with the known multiband
electronic structure of LiFeAs (see Fig. 1), we show that the
bulk superfluid response is dominated by the bands associated
with the intermediate superconducting gaps (y and §) and
the small gap (B8), whereas the o Fermi-surface sheet, which
hosts the largest gap, contributes only weakly to ps(7") and is
therefore not resolved in the present analysis.

II. EXPERIMENTAL DETAILS

The uSR experiment was performed on a compact piece
(~6mm in diameter and 2.5 mm thick) cut from a high-
pressure-grown boule prepared as described in Ref. [39].
To characterize the superconducting transition, a representa-
tive single crystal, taken from the same boule as the uSR
sample, was measured using a superconducting quantum
interference device magnetometer. The resulting zero-field-
cooled volume susceptibility, x,(7), measured in an applied
field of 1 mT, is shown in Fig. 2. The superconducting transi-
tion temperature, determined from the intersection of a linear
extrapolation of the transition region with the x, = O line, is
T. ~ 16.0 K. The low-temperature susceptibility approaches
—1, consistent with bulk superconductivity.

It should be noted that LiFeAs is highly sensitive to devi-
ations from its ideal stoichiometry. Small departures from the
1:1:1 composition, including Li deficiency and/or Fe occupa-
tion of the Li site, can significantly affect the superconducting
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FIG. 3. ZF-uSR spectra of LiygsFeAs measured at 1.7, 10, and
20 K. The solid lines are fits to Eq. (1). The inset shows the temper-
ature dependence of the exponential relaxation rate A. No additional
relaxation is resolved below 7, within the experimental uncertainty,
placing an upper bound on any spontaneous field associated with
a possible TRSB state. In order to reduce correlations between the
fit parameters, ogxr was assumed to be temperature independent
throughout the analysis.

properties and lead to a suppression of 7; [3]. Furthermore,
larger deviations from stoichiometry have been shown to en-
hance magnetic correlations and may result in spin freezing
at low temperatures [40]. The present Lig¢sFeAs sample re-
mains a bulk superconductor with 7, >~ 16.0 K and therefore
lies close to the stoichiometric superconducting regime.

The SR measurements were carried out on the Dolly
spectrometer at the 7E1 beamline of the Paul Scherrer In-
stitute (Villigen, Switzerland) using a “He bath cryostat with
a base temperature of ~1.5 K. Two complementary types of
experiment were performed: zero-field and transverse-field
uSR. For the TF measurements, the external field was applied
perpendicular to the initial muon-spin polarization, and the
data were collected after field cooling in applied fields of
B, =5 and 10 mT. The uSR data were analyzed using the
MUSRFIT package [41]. It should be noted that the sample used
in the uSR experiments was part of an as-grown boule con-
sisting of stacked single crystals with different orientations.
The crystals were not intentionally aligned, so the sample
was treated as effectively polycrystalline in the analysis. Al-
though some weak preferred orientation cannot be excluded,
its degree is unknown; therefore, the standard polycrystalline
average was used for extracting the penetration depth from the
uSR data.

II1. RESULTS

A. Zero-field uSR

The ZF-uSR time spectra collected at 7 = 1.7, 10, and
20 K are shown in Fig. 3. The spectra exhibit only a slow

relaxation and are well described by
Aze(t) = Ao GKT(1) e™™, M

where A is the initial asymmetry of the muon-spin ensem-
ble, GKT(1) = § + 3(1 — 0lrtt)e o’/ is the Gaussian-
Kubo-Toyabe relaxation function associated with quasistatic
nuclear dipolar fields (oggr is the corresponding Gaussian
relaxation rate), and A is an additional exponential relaxation
rate accounting for a weak electronic contribution. Note that,
strictly speaking, A may also contain a nuclear contribution,
arising from deviations from an ideal Gaussian field distri-
bution, for example due to the presence of isotopes with
low natural abundance (such as >’Fe) that create a dilute
distribution of nuclear moments. Such a combination of a
static Gaussian-Kubo-Toyabe term and a small exponential
relaxation is commonly used in ZF-uSR when the dominant
depolarization arises from nuclear moments, while residual
electronic moments, dilute defects, or non-Gaussian nuclear
field distributions contribute an additional Lorentzian relax-
ation channel [42-45].

Within the fitting uncertainty, neither the overall asymme-
try nor the Lorentzian and Gaussian relaxations show any
detectable anomaly on crossing 7;, indicating that the local
field distribution associated with the nuclear and electronic
contributions remain unchanged in the superconducting state.
In particular, the spectra do not exhibit any oscillatory signal
or fast-relaxing component that would point to the onset of
static magnetism or to the appearance of an additional mag-
netically distinct volume fraction below T-..

The key result is summarized in the inset of Fig. 3: within
the experimental uncertainty, A remains unchanged above
and below the superconducting transition. To reduce corre-
lations between the fit parameters, ogkr was assumed to be
temperature independent in the analysis presented in Fig. 3.
The resulting value, ogxr = 0.298(6) us™', is slightly higher
than, but comparable to, the value oggr = 0.258(6) us’l
reported for stoichiometric LiFeAs in Ref. [40]. No addi-
tional relaxation larger than the experimental uncertainty is
resolved below T;. From the uncertainty of the exponential
relaxation rate, ~0.006 us’l , we estimate that any additional
contribution associated with a TRSB superconducting state
would correspond to a spontaneous internal field not ex-
ceeding approximately 0.07 mT. The ZF-uSR data therefore
place an upper bound on possible TRSB-related internal fields
and show no evidence for time-reversal-symmetry breaking
within the accuracy of the present experiment. These re-
sults are consistent with Ref. [40], in which no signatures of
time-reversal-symmetry breaking were found in stoichiomet-
ric LiFeAs.

B. Pinning and superconducting volume fraction

Before analyzing the TF data quantitatively, it is important
to assess the superconducting volume fraction and the instru-
mental background. For this purpose, we compared spectra
recorded after zero-field cooling (ZFC) and field cooling (FC).
Figure 4(a) shows the ©SR time spectra and Fig. 4(b) shows
the corresponding Fourier transforms measured at 1.5 K in an
applied field of 10 mT.
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FIG. 4. (a) TF-uSR spectra measured at 1.5 K in an applied field
of 10 mT after field cooling (open black circles) and after zero-field
cooling followed by field application (red circles). The solid lines
are fits to Eq. (2). (b) Fourier transforms of the SR spectra shown
in (a). The strong suppression of the 10 mT component after ZFC
demonstrates pronounced flux pinning and confirms that the mea-
sured response is dominated by the superconducting phase of the
sample.

After field cooling, the field distribution is centered close to
the externally applied field, as expected for a well-developed
vortex-state response. By contrast, after cooling in zero field
and subsequently applying the field, most of the spectral
weight remains close to zero field. This behavior is charac-
teristic of strong flux pinning: magnetic flux penetrates only
a relatively thin region near the sample surface, while the
main part of the sample interior remains in the Meissner
state with internal field By, ~ 0. Equally important, the ZFC
field distribution does not show a pronounced component at
B >~ By,. This demonstrates that (i) the background signal
from muons missing the sample is negligible and (ii) the mea-
sured response is dominated by the superconducting phase of
the sample. In other words, the TF-uSR signal is not consis-
tent with a substantial nonsuperconducting volume fraction,
confirming that superconductivity in the studied LiggsFeAs
sample is a bulk property.

C. Transverse-field SR and magnetic penetration depth

The temperature dependence of the superfluid density was
determined from TF-u SR measurements performed after field
cooling in applied fields of B,, =5 and 10 mT. These rela-
tively low fields were chosen deliberately in order to minimize
the influence of the field-induced magnetic response reported
previously in LiFeAs at higher applied fields [38].

A representative example of the TF-u SR spectra measured
above (T = 20K) and below (T = 1.5K) the superconduct-
ing transition at B,, = 10mT is shown in Fig. 5. On cooling
below T;, the field distribution broadens owing to the for-
mation of the vortex state. In the mixed state of an extreme
type-II superconductor, this additional broadening is directly
related to the inverse square of the magnetic penetration
depth.

Following the standard phenomenological two-Gaussian
description commonly used for moderately asymmetric
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FIG. 5. (a) TF-uSR spectra of LigosFeAs measured after field
cooling in an applied field of 10 mT above (T = 20K, red circles)
and below (T = 1.5 K, open black circles) the superconducting tran-
sition temperature (7. = 16.0 K). (b) Fourier transforms of the uSR
spectra shown in (a). The additional broadening below T reflects the
formation of the flux-line lattice. The solid lines are fits to Eq. (2).

vortex-state line shapes, the TF-u SR data were analyzed with
[46-48]

oft?
Arp(t) = ZA exp <_T> cos(yBit + ),  (2)

i=1

where A;, 0;, and B; are the asymmetry, Gaussian relaxation

rate, and mean field of the ith component, respectively, y,, =

27 x 135.5342MHz T~! is the muon gyromagnetic ratio,

and ¢ is the initial phase of the muon-spin ensemble. The
YuAi

corresponding field distribution is
2 B — Bi 2
P(B) = Z —y"( . ) .
\/ 01 20‘i

From the fitted parameters, the first and second central mo-
ments of the P(B) distribution are obtained as [46,47]

2
1 AiB;
<B> Zz:l ,

YA

and
Y2 Ao /v + (B — (B))]
Zi:lAi

The fits were performed globally in the time domain using
Eq. (2), with the asymmetries A; and A, constrained to be tem-
perature independent, while the internal fields B; and Gaussian
relaxation rates o; were allowed to vary. The solid lines in
Figs. 4 and 5 represent the resulting fits in both the time and
field domains.

Figure 6 summarizes the temperature dependence of
(AB?)'/?2 measured at 5 and 10 mT. The normal-state con-
tribution to the second moment, 0,5, was determined from
the data above 7. and assumed to be temperature indepen-
dent. The superconducting contribution was then obtained as
[42-44,46,47]

(AB?) =

(AB*)ie = (AB*) — o /v,
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FIG. 6. Temperature dependence of the square root of the second
central moment of the TF-;SR field distribution, (AB?)'/, for B,, =
5 and 10 mT. The dashed line marks the temperature-independent
normal-state contribution o,. Inset: temperature dependences of
A 2(T) derived from Eq. (3).

For a strongly anisotropic sample with random crystallite
orientation, as in the present case, the in-plane magnetic pen-
etration depth can be estimated from [49-52]

o2 P2
(AB%) = 0.00371 % = 0.00126 =2, 3)
eff ab

where @y = 2.068 x 10~!> Wb is the magnetic flux quantum
and the effective penetration depth A = 1.31A,, accounts
for the anisotropic powder average.

Using Eq. (3), we obtain A,(1.5 K) =275(15) nm for
5 mT and 245(15) nm for 10 mT. The slightly larger value
found at 5 mT is not considered intrinsic; rather, it most
likely reflects the fact that this field lies closer to the first
critical field H,.;, where the second moment of the vortex-
state field distribution is reduced [38,50]. The temperature
dependence of A;bz is presented in the inset of Fig. 6. Table I
summarizes previously reported estimates of 1,;,(0) in LiFeAs
obtained using different experimental techniques and analysis
procedures, and compares them with the present TF-uSR
result for Lig 9gsFeAs. As shown in the table, the present value
Aap(0) = 245(15) nm lies toward the upper end of the range
reported in the literature. It is somewhat larger than the values

obtained from SANS (210(20) nm, [20]) and magnetization
(198 nm, [17]), but remains close to the optical estimate of
238 nm reported by Min e al. [53]. It is also in excellent
agreement with the TF-uSR value of 244(2) nm reported
by Pratt et al. for a lower-7,. sample [38], while remaining
below the recent single-crystal TF-u SR estimate of 265(1) nm
reported by Lamura et al. [54]. We therefore conclude that the
present value of A,;(0) is fully consistent with the range of
literature results for LiFeAs, particularly those obtained from
optical spectroscopy and TF-uSR measurements, although it
exceeds the values reported from small-angle neutron scat-
tering (SANS) and magnetization studies [17,20,38,53,54].
The observed spread in A,,(0) likely reflects a combination
of differences in sample stoichiometry, sample form (single
crystals versus polycrystals), and the analysis methods used
to extract the penetration depth.

IV. DISCUSSION
A. Constraints on time-reversal-symmetry-breaking states

An important outcome of the present ZF-uSR measure-
ments is that no additional relaxation is resolved below T
within the experimental accuracy. This places quantitative
constraints on superconducting states with an intrinsically
complex order parameter, i.e., states that break time-reversal
symmetry and would be expected to generate spontaneous
local magnetic fields in the bulk. From the uncertainty of
the exponential relaxation rate, ~0.006 MS_I, we estimate an
upper bound of approximately 0.07 mT for any additional
spontaneous internal field associated with a TRSB state. The
present result therefore disfavors scenarios involving mixed
complex order parameters of the s+ is or s+ id type, al-
though it does not strictly exclude a very small TRSB field
below the detection limit of the experiment.

This distinction is important in the context of the on-
going discussion of the superconducting order parameter in
LiFeAs. On the one hand, theoretical analysis of the multi-
band pairing problem has shown that several different real
s-wave configurations are possible in LiFeAs, and that under
appropriate conditions the system may also enter a mixed
state with broken time-reversal symmetry at lower temper-
ature [31]. On the other hand, phase-sensitive Bogoliubov
quasiparticle-interference experiments have been interpreted
in favor of a sign-changing sy gap structure, with opposite
signs of the superconducting order parameter on the hole and
electron bands [32,33]. The present ZF-uSR data therefore
do not select uniquely between different real s-wave states,

TABLE I. Previously reported estimates of the zero-temperature in-plane magnetic penetration depth A,,(0) in LiFeAs. Only works

providing an independent absolute estimate are included.

Technique Quantity used to estimate X,,(0) Sample T. (K) Aap(0) (nm) Reference
TF-uSR Vortex-state linewidth Polycrystal 16.0 195(2) Pratt et al. [38]
TF-uSR Vortex-state linewidth Polycrystal 12.0 244(2) Pratt et al. [38]
SANS Vortex-lattice form factor Single crystal 17.0 210(20) Inosov et al. [20]
Magnetization Lower critical field Single crystal ~18 198 Song et al. [17]
Optical spectroscopy Superconducting plasma frequency Single crystal ~18 238 Min et al. [53]
TF-uSR Vortex-state linewidth Single crystal 16.7 265(1) Lamura et al. [54]
TF-uSR Vortex-state linewidth Polycrystal 16.0 245(15) This work
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but they do provide an important bulk constraint by ruling out,
within the accuracy of the experiment, a superconducting state
accompanied by spontaneous magnetic fields.

It is also useful to view the present result in the context
of earlier proposals of triplet pairing in LiFeAs. An earlier
ZF-uSR study of stoichiometric LiFeAs likewise found no
evidence for time-reversal-symmetry breaking and concluded
that the data do not support triplet-pairing scenarios requir-
ing spontaneous internal fields [40]. In particular, spin-triplet
p-wave superconductivity driven by nearly ferromagnetic
fluctuations has been proposed for LiFeAs [55], while a chiral
triplet p, + ip, state was discussed for slight deviations from
stoichiometry [56]. Although our ZF-uSR result does not ex-
clude every possible triplet state, it strongly disfavors chiral or
otherwise time-reversal symmetry breaking triplet states that
would be expected to generate spontaneous magnetic fields. In
this respect, the present SR data are consistent with neutron-
scattering results indicating predominantly antiferromagnetic,
rather than ferromagnetic, spin fluctuations in LiFeAs [57].

B. Bulk weighting of the multigap superfluid response

Information on the superconducting gap structure can be
obtained from the temperature evolution of the superfluid
density. In the present case, the latter is directly acces-
sible through the measured in-plane magnetic penetration
depth, since pg(T) A;bz(T). By normalizing the experi-
mental A;hz(T) data to their zero-temperature value A;bz(O),
one obtains the normalized superfluid density pi(T) =
k;bz(T) /ka’bz(O), which is particularly suitable for analyzing
the superconducting gap structure. The normalized superfluid
density derived from the TF-uSR data is shown in Fig. 7.

Although the present TF-uSR data are well described
by an effective multigap s-wave model, the absence of suf-
ficiently dense low-temperature data points does not allow
a strict distinction, on the basis of fit quality alone, be-
tween nodeless and nodal gap models. Our preference for
the multigap s-wave interpretation is therefore guided not
only by the uSR data themselves but also by the broader
experimental literature on LiFeAs, in particular ARPES,
specific-heat, and Andreev-reflection studies, which over-
all support a fully gapped multiband superconducting state
[6,13,15-20,22,26,28-30].

With this caveat in mind, the temperature dependence of
the superfluid density was analyzed by an effective two-gap
model [35,48,58],

ps(T) = wps 1 (T, Ay) + (1 — @) ps2(T, A2),  (4)
with the individual components given by [47,59,60]
© [af EdE
psi(T)=1+2 il By
Ay \OE ) \JE? — A(T)?

where f = [1 4+ exp(E/ kgT)]~" is the Fermi function and the
temperature dependence of the gap is approximated by [60,61]

T. 0.51
A«(T) = A, tanh {1.82[1.018(% - 1)} }

The fit yields A} = 2.0(2) meV, A, = 0.7(2) meV, and w =
0.61(2). The corresponding fit to the p,(7") data is shown in
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FIG. 7. (a) Temperature dependence of the normalized superfluid
density ps(T) = A;bZ(T) / A;bz (0) for Lig 9sFeAs. The solid line is a fit
to the effective two-gap model of Eq. (4). The colored areas illustrate
the decomposition into two effective superfluid-density components.
The closed and open symbols correspond to the results of the
5 mT and 10 mT TF-uSR measurements, respectively. (b) Partial
superfluid-density contributions obtained from the fit.

Fig. 7(a), while the partial superfluid-density contributions
associated with the larger and smaller gaps are presented in
Fig. 7(b).

These values are close to those inferred from bulk-sensitive
probes such as specific heat and lower-critical-field mea-
surements [6,15-18]. They differ more substantially from
some ARPES [11,13,14], tunneling [21-27], and Andreev-
reflection results [28-30] that emphasize larger gap scales
and, in several cases, resolve three distinct gap values. This
difference is not unexpected in a multiband material such as
LiFeAs. The superconducting condensate is distributed over
several Fermi-surface sheets, and each experimental tech-
nique probes a different weighted average over momentum
space.

A useful way to rationalize this point is to recall that
the zero-temperature contribution of the ith band to ps(T) is
proportional to the integral of the Fermi velocity around the
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TABLE II. Representative parameters extracted from ARPES
data for LiFeAs, including the mean Fermi velocity (vg);, the average
Fermi-surface diameter (dr);, and the relative contribution I;/ )" I;
of the ith band to the superfluid density. The values of (vg); and
(dr); are representative of ARPES-based estimates compiled from
the literature [5,14]. The values of ;/ > _ I; are derived by Eq. (5).

Band {vg); (€V nm) (dp); (nm™") L/
o ~0.01 ~1.0 0.03
B 0.022 4.0 0.30
y 0.035 3.0 0.31
) 0.035 2.6 0.36
corresponding Fermi-surface sheet [34,35,62]:

I f vr )k, 5)

ith band

where i = «, 8, y, or 8. Using representative ARPES param-
eters for LiFeAs [11,14], one obtains the approximate band
weights listed in Table II. The important point is that the inner
hole pocket (o), on which ARPES finds the largest supercon-
ducting gap, contributes only a very small fraction to the total
superfluid density, as shown in the last column of Table II. By
contrast, the 8, y, and § sheets dominate the bulk response.
Thus, a bulk probe such as SR naturally gives greater weight
to the intermediate and smaller gap scales, whereas surface-
sensitive spectroscopies can more readily resolve the large gap
on the weakly weighted o pocket.

In this sense, the present two-gap fit should be regarded as
an effective description of the bulk superfluid density rather
than as evidence that only two bands are superconducting.
Bands with similar gap magnitudes can be combined into an
effective contribution, while the weakly weighted large-gap
contribution has only a minor influence on the overall temper-
ature dependence of py(T). This interpretation explains why
the present 1SR analysis remains fully compatible with the
multiband electronic structure established by ARPES.

A further important point is that the relative band weights
inferred from the SR analysis are in reasonably good agree-
ment with the ARPES-based estimate. Experimentally, the
effective two-gap fit yields contributions of about 0.61 and
0.39 for the larger- and smaller-gap components, respectively
[see Fig. 7(a) and the discussion above]. By contrast, the
band-structure estimate based on ARPES gives a total weight
of about 0.7 for the y and § sheets, on which the intermediate
superconducting gap opens, and about 0.3 for the B sheet
carrying the smallest gap (see Table II). Given that these
values are obtained by two very different methods, the level

of agreement is remarkably good. This consistency strongly
supports the conclusion that the SR response is dominated
by the y, §, and B sheets, whereas the « sheet, despite hosting
the largest superconducting gap, contributes too weakly to the
total superfluid density to be resolved in the present analysis.

V. CONCLUSIONS

In summary, we have carried out a combined ZF- and
TF-uSR study of LiggsFeAs grown by a high-pressure self-
flux method. Complementary magnetization measurements
confirm bulk superconductivity with 7, ~ 16 K. The ZF-uSR
data show no additional relaxation below 7, within the experi-
mental uncertainty, corresponding to an upper bound of about
0.07 mT for any spontaneous internal field associated with a
possible TRSB state.

The TF-uSR measurements performed in applied fields
of 5 and 10 mT reveal a well-developed vortex response
with strong flux pinning and only a negligible nonsuper-
conducting contribution, confirming that the measured signal
is dominated by the bulk superconducting state. From the
temperature-dependent second moment of the internal field
distribution we obtain A,,(1.5 K) = 245(15) nm. The tem-
perature dependence of the normalized superfluid density
is well described by an effective two-gap model with
A} =2.02)meV and A, = 0.7(2) meV.

These results provide independent bulk confirmation
that LiposFeAs is a multigap superconductor without de-
tectable time-reversal-symmetry breaking. Comparison with
the ARPES-based multiband electronic structure further
shows that the superfluid density measured by uSR is essen-
tially insensitive to the « Fermi-surface sheet, on which the
largest superconducting gap opens, because this sheet con-
tributes only weakly to the total superfluid density, at the level
of ~3%. Instead, the SR response is dominated by the sheets
associated with the intermediate superconducting gaps (y and
8) and the small gap (B). In particular, the ARPES-based
band-structure estimate yields relative contributions of about
0.7 and 0.3 for the intermediate- and small-gap sheets, re-
spectively, in good agreement with the corresponding weights
obtained from the uSR analysis, 0.61 and 0.39. In this way,
the present work demonstrates that uSR provides direct ac-
cess to the intrinsic bulk superfluid response of LiggsFeAs
and helps reconcile the apparent spread of superconducting
gap values reported by different experimental probes.
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