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Fermi surface investigation of the filled skutterudite LaRusAs,,
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Of all stoichiometric filled-skutterudite superconductors, LaRu,As;, has the highest critical field and tem-
perature. Here we report on a detailed Fermi-surface investigation of LaRusAs;, by means of de Haas—van
Alphen measurements and density-functional-theory calculations. We find evidence for a nearly spherical and
a multiply connected Fermi-surface sheet. The different effective masses and mass enhancements for the two
sheets support two-band superconductivity, which was inferred from previous specific-heat measurements.
Furthermore, quantum oscillations persist as well in the superconducting phase. We use two models to describe
the additional damping, yielding energy gaps differing by a factor of 5.
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I. INTRODUCTION

The ternary transition metal pnictides with the chemical
formula MT,Pn,, (M = alkali metal, alkaline-earth metal,
lanthanide or light actinide element; 7 = Fe, Ru, or Os;
Pn = P, As, or Sb) crystallize in the filled skutterudite
LaFe4P;, structure (space group Im3, #204) [1,2]. The large
icosahedron cage is formed by pnictogen Pn atoms, and is
centered by the electropositive element M (see upper inset
Fig. 1). The transition-metal ions 7T are located between the
cages forming a primitive cubic sublattice. As a result, the
local point symmetry of an M cation is 7;(m3) that does not
contain four-fold rotational symmetry. Furthermore, the guest
atoms M are bound loosely inside of the Pn, icosahedron,
whose size is much larger than the M-cation radius. This
feature suggests the possible existence of local anharmonic
thermal vibrations (so-called rattling modes) that may reduce
the phononic thermal conduction and, therefore, the filled
skutterudites are considered as promising thermoelectric ma-
terials. Most notably, however, the large coordination number
of 12 for the guest atom M leads to sizable hybridization
effects giving rise to a wide variety of strongly correlated
electron phenomena [3,4]. This subtle interplay between the
M cation and the [T4Pn;,] framework is particularly evident
in the case of rare-earth guest atoms. As shown for, e.g.,
the [RuyAs|,] sublattice, multiband superconductivity, non-
Fermi-liquid behavior, conventional superconductivity, and
low-lying ferromagnetic order can be realized for La [5],
Ce [6], Pr [7], and Nd [8], respectively.
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The most celebrated filled-skutterudite compound is
PrOs4Sb,, currently the only known Pr-based heavy-fermion
superconductor [9], that has been recently proposed as a
leading candidate for hosting three-dimensional Majorana
fermions [10]. Furthermore, evidence for two-band supercon-
ductivity was found in the field dependencies of the electronic
thermal conductivity [11-13], and an unconventional pairing
mechanism seems to be in line with the critical temperature
T. = 1.85 K being a factor of 2.5 higher than 7. = 0.74 K of
the non-4 f-electron counterpart LaOs4Sb; [14]. On the other
hand, an even larger enhancement of the superconducting
parameters is observed for LaRuyAs;; with 7, = 10.4 K
(the upper critical field B,, ~ 10.2 T) [5], as compared to
the sister compounds LaOs4Asj; [15] and PrRujAs;; [7]
with 7. = 3.2 and 2.3 K, respectively. Whereas somewhat
smaller values of 7. and B, were reported for polycrystalline
LaRuyAs;, samples [16-18], both specific-heat and 75 As-
NQR measurements are consistent with a fully gapped super-
conductivity [5,19]. Upon applying pressure, 7. decreases at a
rate of —0.4 K/GPa [15]. Remarkably, LaRuyAs;; also shows
evidence for multiband order parameters, as inferred from
(1) the clear deviation of the zero-field electronic specific heat
from the one-gap «-model behavior, (ii) the nonlinear-in-B de-
pendence of the reduced Sommerfeld coefficient, and (iii) the
positive curvature of the B, (T') dependence in the vicinity
of 7. [5]. Additionally, the normal-state electronic specific-
heat coefficient of y =59 mlJ/mol K2 [5,18] indicates
strong electronic correlations and enhanced effective charge-
carrier masses.

While other La-based filled skutterudites were ex-
perimentally shown to possess isotropic Fermi-surface
(FS) sheets [14,20-23] and/or multiply connected FSs
[14,20-24], information on the FS of LaRusAs, are scarce.
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FIG. 1. Raw torque signal near B || a. Black and red curves
represent up- and down-sweep of the magnetic field, respectively.
Lower inset: Zoom into the high-field region showing quantum
oscillations. The torque oscillations shown here are relatively small
due to the small angle between magnetic field and the [100] direction.
Upper inset: Unit cell for LaRusAs;,. Blue: La, red: Ru, grey: As;
created using Ref. [30].

There are density-functional-theory (DFT) based calculations
available [25], but experimental verification is lacking.

Here, we present a detailed FS investigation of LaRusAsi,
by combining measurements of the de Haas—van Alphen
(dHvA) effect with DFT calculations using FPLO [26] and
full potential linear augmented plane wave (FLAPW) [27]
codes. We observe a near-spherical FS sheet along with a
more complicated, multiply connected one. Effective carrier
masses m* are significantly enhanced only for the latter

sheet (m* = 4.5, ...,9.3m,, with m, being the bare electron
mass), whereas for the spherical sheet we find masses of
1.5, ..., 1.8 m,. The mass-enhancement factors between the

two bands clearly differ, indicating stronger electron-phonon
coupling on the multiply connected sheet, which in turn
renders different pairing strengths for the two bands plausible.

II. EXPERIMENT

Single crystals of LaRusAs;, were grown from elements
with purities of at least 3N by mineralization in a molten
Cd:As flux employing a technique detailed elsewhere [28].
They show a large residual resistivity ratio (RRR) of at least
80, evidencing high crystal quality.

Angle-dependent quantum-oscillation measurements were
performed using capacitive torque magnetometry, employing
50-pum-thick CuBe cantilevers. The experiments were con-
ducted in a dilution refrigerator at a base temperature of
about 30 mK. High magnetic fields were provided by an 18 T
superconducting magnet at HLD and a 34 T resistive magnet
at the LNCMI-Grenoble.

High-resolution x-ray synchrotron powder diffraction was
performed at beamline ID22 of the European Synchrotron
Radiation Facility (ESRF) Grenoble, France. The experi-
mental diffraction data were recorded using a wavelength
of 0.40074 A at temperatures of 10, 80, 140, and 295 K.
All crystallographic calculations were performed using the
program package WINCSD [29].
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FIG. 2. Inset: Torque signal after subtraction of a second-order
background polynomial. Main panel: Corresponding frequency spec-
trum obtained by Fourier transformation.

III. RESULTS AND DISCUSSION
A. Fermi surface and band structure

Figure 1 shows a typical torque signal for LaRuyAs|, taken
at an angle ®,;; = 2°. Throughout this paper, all angles are
measured from the crystallographic [100] axis. At fields lower
than about 10 T, a clear hysteresis and a strong peak effect
appear in the superconducting mixed state [31]. The onset of
the peak effect slightly varies between up and down sweep.
From the average onset, we determine B, ~ 9.8(1) T [32],
in good agreement with previously reported values [5,18]. In
addition, quantum oscillations are visible at higher fields (see
inset of Fig. 1). When rotating the field away from B || [100],
these oscillations become more pronounced, as shown in the
inset of Fig. 2. The main panel shows the corresponding fre-
quency spectrum obtained by Fourier transformation. Three
fundamental dHvA frequencies labeled «, §, and €, and two
higher harmonics of § are clearly visible.

By repeating field sweeps at different angles, we obtained
the angular dependence of the dHvA frequencies shown
together with calculated frequencies (see below) in Fig. 3.
Altogether, we find seven fundamental frequency branches,
denoted as «, 8, v, §, €, ¢, and . Only § is observed for all
crystallographic directions with little changes in frequency,
thus evidencing a nearly spherical FS sheet. The remaining
frequencies, on the other hand, appear only for smaller angular
ranges, hinting at the presence of a more complicated, multi-
ply connected FS sheet. Note that the Im3 crystal structure
is characterized by the absence of symmetry elements around
the [110] axis. Hence, the experimental dHvA frequencies are
not expected to be symmetric around the [110] axis when
rotating the crystal around the [001] axis. Experiments at
higher magnetic fields up to 34 T did not reveal any additional
frequency branches.

To determine the FSs corresponding to the experimen-
tal dHvA frequencies, we conducted DFT calculations for
LaRuyAsj, using the FPLO code (version 15.02-50) [26].
To approximate the exchange and correlation potential, we
used the local density approximation (LDA) of Perdew and
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FIG. 3. Angular dependence of experimental (large symbols) and
calculated dHVA frequencies (lines: FPLO code; small, open symbols:
KANSAI code). Left panel: Rotation from B || [100] to B || [010].
Note that the dHVA frequencies are not symmetric around the [110]
axis because the Im3 structure does not possess any corresponding
symmetry element. Right panel: Rotation from B | [100] to B ||
[011].

Wang [33] and a scalar-relativistic setting. We used a 24 x
24 x 24 k mesh for calculating the self-consistent density and
an eight times denser grid for the FSs. Additional calculations
were performed using the KANSAI code, based on a FLAPW
method using LDA [27].

While the value of a = 8.5081 A was reported from
various sources, the relative internal As positions (0, y, z)
reported by different groups do not match. Experimen-
tal data from Braun and Jeitschko (y = 0.15474 and z =
0.34556) [2] significantly differ from those measured by Shi-
rotani et al. (y = 0.147 and z = 0.350, private communication
in Ref. [25]) and those calculated by Ram et al. (y = 0.1503
and z = 0.3501) [25]. We also conducted a numerical op-
timization of the internal atomic positions using FPLO and
obtained y = 0.1510 and z = 0.3493. When comparing band
structures calculated using the parameters found by Braun,
Shirotani, and FPLO, clear differences become obvious, as
shown in Fig. 4(a). Since many of the energy shifts and slight
changes in the bands’ shapes occur near the Fermi energy
(EF), they greatly influence the corresponding FS sheets. Ad-
ditionally, all three calculations produce a peak in the density
of states (DOS) near Ep, but the peak position and value
strongly differ. Thus, high-resolution low-temperature struc-
tural data are vital for achieving reliable band-structure and FS
calculations. Consequently, we carried out synchrotron x-ray-
diffraction measurements at 10 K, yielding a = 8.49562(1) A,
y = 0.1497(3), and z = 0.3505(3).

For all further calculations, we used the experimentally
refined crystallographic data and a full-relativistic setting
taking spin-orbit coupling into account. Because of the cen-
trosymmetric crystal structure of LaRuyAs),, the spin-orbit
coupling does not lift the spin degeneracy of the bands. For
simplicity, we will discuss degenerate bands as single bands
carrying the DOS of both spin channels. The outcome of the
calculations is depicted in Fig. 5. There are two bands crossing
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FIG. 4. Influence of y and z atomic positions. (a) Calculated
band structure (using the LDA exchange functional) for the positions
measured by Braun and Jeitschko [2] (red), Shirotani et al. (private
communication in Ref. [25]) (blue), and optimized by FPLO (green).
(b) Corresponding DOS. For clarity, the graph only shows a narrow
region around Ep.

Er, labeled 175 and 176 [see Fig. 5(a)]. Band 175 crosses
Er almost isotropically around the I'" point of the Brillouin
zone (BZ), leading to a nearly spherical FS sheet [Fig. 5(c)].
In contrast, band 176 crosses Er multiple times between the
high-symmetry points, and lies within Ef =100 meV in a
large portion of the BZ. Consequently, the FS arising from
band 176 is multiply connected, possessing many holes and
curved features. For clarity, Figs. 5(d) to 5(f) show this FS
from different perspectives. Furthermore, the flat dispersion
of band 176 in some parts of the BZ produces a peak of
the DOS D lying only 4.5 meV above Ep, as shown in
Figs. 4(b) and 5(b). Band 176 contributes 96% of D(Efr) =
13.6 states/eV. Using the relation

2 k2

T"Kp
Yeale = TD(EF)a (1)

where kp denotes Boltzmann’s constant, we obtain the corre-
sponding Sommerfeld coefficient yq. = 32.1 mJ/mol K2.

The band-structure calculations in Ref. [25] using a nonlo-
cal version of the exchange-correlation functional and slightly
lower values for y and z yielded similar results to those
presented here. However, the details of the band structure
and the DOS close to Er are very sensitive to changes in
the structural parameters as we demonstrated in Fig. 4, and
we, therefore, believe that calculations using low-temperature
crystallographic data allow for a more accurate picture of the
band structure in LaRugAsy,.

Figure 3 shows calculated and experimental dHVA fre-
quencies. Virtually the same results were obtained for the
calculated frequencies using the FPLO and the KANSAI code.
The nearly spherical FS of band 175 possesses only one
extremal cross-section for every field direction, resulting in
a single-frequency branch spanning the full angular range.
This branch is in excellent qualitative agreement with the
experimental branch §, offset by only 150 T. Conversely, the
multiply connected FS of band 176 creates a wealth of fre-
quency branches, some of which exist only for narrow angular
ranges. Most remaining experimental frequency branches are
in good agreement with calculated branches of band 176,
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FIG. 5. (a) Calculated band structure of LaRu,As;, along high-symmetry lines of the BZ. Bands 175 (magenta) and 176 (green) cross Er.
(b) Calculated DOS near Er. Shaded areas mark the contributions of Ru-4d (orange) and As-4p states (cyan). (c) Calculated FS of band 175.
(d)—(f) Calculated FS of band 176, shown from different perspectives: (d) identical to the sketch in (a), (e) parallel to the [110] axis, and (f)
parallel to the [111] axis. All results in this figure were obtained using the FPLO code.

with only o not explained by theory. We point out that slight
deviations of the structural data leads to altered results: Using
the Shirotani internal coordinates leads to the absence of the
theoretical frequency branch supporting i, but features a
branch explaining «.

B. Effective masses

Effective masses m* were determined from the temperature
dependence of the dHVA oscillation amplitudes, which were
measured for temperatures between 50 and 900 mK at two
different angles. According to the Lifshitz-Kosevich formula,
the temperature dependence is proportional to the tempera-
ture damping factor Ry, given by Ry = x/sinhx, where x =
aTm*/B and o = 14.69 T/K [34]. Here, m* represents the
effective mass given in multiples of the bare electron mass
m,. Figure 6 shows the fit of the temperature dependence
of the oscillatory amplitudes by this formula, yielding m*
as fit parameter. Table I summarizes experimental effective
masses together with band masses my,, calculated by taking
the derivative dF/dE. Due to many-body interactions, the
experimental m* is enhanced compared to mj; by a mass-
enhancement factor defined as A = m*/m;, — 1. For the near-
spherical band 175, my, m*, and A are clearly smaller than for
band 176. For both angles investigated, m* for § lies at 1.5 and
1.8 m,, resulting in A = 1.2 and 1.4, respectively. On the other
hand, the frequencies arising from the multiply connected
FS sheet feature higher masses of 4.5 to 9.3 m,, yielding

A =2.3-2.7. Hence, consistent with the large specific-heat
jump at T, reported in Ref. [5], there are strong many-body
interactions, which we assume are mainly due to electron-
phonon coupling. The significant difference in XA for the two
bands is in line with the proposed two-gap superconductiv-
ity with different A and B,.. Note that the mass enhance-
ment deduced from the Sommerfeld coefficients via A =
Yexp/ Acac — 1 yields only A = 0.84, which is smaller than

R e ' T LaRups,, |
g 0,7, = 5 degree
g
S 08} i
[0]
©
=
= ]
Q.
5 0.6
< i
>
5 ¢=5.84 kT
m*=9.3 m,
0.4} B =14-17.75T .
0.0 0.2 0.4 0.6 0.8 1.0
T (K)

FIG. 6. Temperature-dependent amplitudes, taken at ®y;; = 5°,
with fit lines determined by use of the Lifshitz-Kosevich formula.
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TABLE I. Experimental and calculated (FPLO) dHVA frequencies and effective masses of LaRusAs,. Branch assignments and angles refer

to Fig. 3.

Experiment Calculation® A
Branch Band Angle F (kT) m* (m,) F (kT) my, (m,) m*/my — 1
o ? Bpp = 5° 0.51 4.5(2)

8 175 Byi; = 5° 1.15 1.5(1) 0.998 0.69 1.2
€ 176 Bp1; =5° 5.39 9.3(3) 5.775 2.82 23
176 Opo1 = 42° 0.027 1.29
¥y 176 Bpo; = 42° 0.55 5.5(3) 0.704 1.53 2.6
Y 176 Ogo1 = 42° 0.65 5.6(6) 0.704 1.53 2.7
8 175 Opo1 = 42° 1.22 1.8(1) 1.057 0.75 1.4
176 Bgo; = 42° 7.43 4.7
176 Bgo; = 42° 7.55 52

#Effective mass calculations using the FLAPW based KANSAI code yielded the same results with a maximum deviation of 5%.

the enhancements for the different orbits. This means that
the calculated DOS is overestimated or the band masses are
underestimated by a factor of 2. This is surprising since the
mass enhancements of the Sommerfeld coefficient is expected
to be a weighted average of the mass enhancements of the
electronic orbits. A similar behavior was also observed in
other isoelectronic compounds, such as LaOs4Pj, [23,35].
Since the XA values deduced from our dHvA experiments are
averaged over extremal FS orbits, smaller mass enhancements
for others parts of the FS might be a possible explanation for
the discrepancy of A obtained from dHvA and specific-heat
measurements.

C. Damping in the normal and superconducting state

In the next step, we analyze the field dependence of the
8 frequency, which produces the largest dHVA amplitudes
in our measurements. The field dependence of the dHVA
oscillation amplitudes A, measured by torque, is given by
A & RrRpRscB/? [34,36]. Here, Ry, Rp, and Rgc are damp-
ing factors representing the impact of finite temperature,
impurity scattering, and additional amplitude reduction in
the superconducting phase, respectively. The so-called Dingle
damping factor Rp, for a fundamental dHvA frequency can
be written as Rp = exp(—am;,Tp/B). The Dingle temperature
Tp depends on the scattering rate, 1/t, viaTp = h/(Qukgt). h
is the reduced Planck constant. Note that this damping factor
depends on the bare band mass m;, not on the effective mass
m* [37].

To disentangle the different damping factors, we initially
focus on the normal state, where Rgc = 1. Since Ry can be
calculated using the previously determined m*, creating a
so-called Dingle plot, In(A/[RyB*/?]) versus 1/B, allows to
determine Tp from a linear fit, as shown in Fig. 7. Indeed,
the amplitudes in this plot behave nearly perfectly linear, with
small deviations due to interference with other frequencies.
From a fit between B, ~ 9.6 T [38] and 18 T, we deduce
Tp = 1.1 K, indicating the high quality of our single crystal.

While the amplitude behaves nearly linear in the normal
phase, it quickly drops in the superconducting state. The open-
ing of the superconducting energy gap causes the FS to vanish
since LaRuyAsy, is a fully gapped superconductor [5,19].
Hence, it may seem surprising that dHvVA oscillations are

detected inside the superconducting state. However, in the
Shubnikov phase of a type-II superconductor, normal-
conducting flux lines can penetrate the material. Electrons can
tunnel between the flux lines and accomplish the cyclotron
motion necessary for the dHvA effect. Further decreasing
magnetic field increases the spacing between the flux lines
and subsequently the tunneling probability. Thus, dHVA oscil-
lations are damped more strongly inside the superconducting
phase, which gets accounted for by Rgc. The field inho-
mogeneity introduced by the flux lines causes an additional
damping, which we do not take into account since it is usually
much smaller than Rgc [39,40].

There are multiple representations of Rgc, based on dif-
ferent theoretical approaches (for an overview, see Ref. [39]
and references therein). Here, we compare our data to
the theories of Maki, Stephen, Wasserman, and Spring-
ford (MSWS) [41-44] and of Miyake, Miller, and Gyorffy
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§ -13 \ C |
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Oy1= 42 degree ; %
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FIG. 7. Field dependence of dHVA signals at ®yy = 42°. The
blue curve shows the torque signal after subtraction of a nonoscil-
latory background. Black symbols represent a Dingle plot of the
amplitudes for § = 1.216 kT, the red line shows a linear fit to the data
above the superconducting phase. B, was determined by the onset of
the peak effect. To reduce interference from smaller frequencies, we
averaged over four periods per data point.
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FIG. 8. Field dependence of the oscillation amplitude reduction
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tion amplitudes rescaled by R, and Ry. Lines are fits of different
theoretical models to the data (see text).

(MMG) [45,46]. Both theories were applied to analyze nu-
merous compounds in the past. Although both may provide a
good qualitative agreement to experiment, they often result
in gap values differing by a factor larger than four, e. g.,
in MgB, [47], V3Si, or NbSe; [39]. Inconsistently, MMG
allows a better approximation of the experimental gap only in
MgB, and V;Si, whereas MSWS works better for NbSe,. For
fundamental dHVA frequencies F, in a field B smaller than the
critical field B,,, these theories yield:

Rsc = exp(—/B/ (167 F)p*) (MSWS), 2)

Rsc = ¢Ki(p) (MMG), (3
where ¢ = (2nmA)/(hieB), K; is the modified Bessel func-

tion, and A the superconducting energy gap. We use the
expression

A(B) = A(0)y'1 = B/By “

to describe the superconducting gap at finite fields. A more
recent third theory by Yasui and Kita (YK) [48] derives an
expression Rgc = exp [['¢?/(27)], with T = 0.125. Only the
prefactor of ¢? in the exponent differs from Eq. (2), leading
to qualitatively identical behavior, and in our case to gap
values differing by 10%. Therefore, we will not consider YK
separately.

A fit of Egs. (2) and (3) to the normalized dHvA ampli-
tudes is shown in Fig. 8. Here, both A and B,, were free
parameters for the fit, leading to a very good description of
the decaying amplitudes by both models. Slight deviations
between models and experiment may arise from interference
of the strongly changing nonoscillatory background signal
caused by the peak effect. We obtain A = 10.4 meV and
B, =9.59 T from MSWS, as well as A =2.06 meV and
B, =9.54 T from MMG. Hence, the MSWS model predicts
a band gap which seems to be unrealistically large. It is five
times larger than the gap derived from the MMG model,
and also more than four times larger than the gaps A =
2.35 meV and A, = 1.67 meV estimated from specific-heat

measurements [5]. Since the frequency § investigated in this
analysis relates to the band with the smaller A and the smaller
DOS, we assume it most likely possesses the smaller band
gap A;. Thus, the MMG model overestimates the gap by
only about 23%, and provides a better approximation than
MSWS, similar as observed in MgB, [47] and V3Si [39].
However, we note that when using the torque method, there
might be an additional damping possibly related to flux-line
dynamics, as has been observed in YNi,B,C [40,49]. Since
both the MSWS and the MMG model yield largely different
energy gaps for several compounds, and the damping in the
superconducting state may be dependent on the measurement
method, more theoretical and experimental work is required to
fully understand quantum oscillations in the Shubnikov phase
of type-II superconductors.

D. Comparison to iso-electronic skutterudites

The LaTyPn|, family (where T = Fe, Ru, and Os; Pn =
P, As, and Sb) forms a total of nine iso-electronic com-
pounds, since all 7 and Pn elements possess an identical
number of outer-shell d and p electrons, respectively. In
LaFe As;; and LaFe4Sby,, a high DOS is presumably re-
sponsible for their nearly or weakly ferromagnetic behavior,
respectively [51-54]. All other LaT,Pn;, family members
are superconducting (see Ref. [55] and references therein).
To the best of our knowledge, our report on LaRuyAsi;
completes the experimental FS data of the superconducting
members [14,20-24,54,56]. When comparing these seven
compounds, we note a general similarity of the band struc-
tures, which is not surprising for iso-electronic materials. All
compounds possess two bands crossing Erp. One of them
(band 175 in LaRu4As)y) leads to a fairly isotropic FS sheet
around I', except for LaRu4P,,, where the corresponding band
stays just below Ef at the I" point [24]. Additionally, a second
band (corresponding to band 176 in LaRusAs,) exists, which
lies close to Er in some regions of the BZ. Due to slight dif-
ferences between the electrostatic potentials and internal po-
sitions of the 7" and Pn atoms, the shape of this band slightly
differs. These small differences influence the positions and
number of crossings of Er, thus creating a variety of different
FS sheets within the LaTyPn;, family [14,20-24,54,56].

Table II shows the T.’s of all superconducting members
of the LaT,Pn, family, along with experimental and cal-
culated Sommerfeld coefficients and effective masses, and
the inferred mass enhancements. For better comparability, all
values of .y, were taken from a systematic study of Matsuhira
et al. [57] and are largely in good agreement with other stud-
ies [5,17,35,50]. Note, however, that there are discrepancies
by up to a factor of 2 with other reports for LaRuyPj, [24]
and LaOssAs;y [60]. In some cases, we used Eq. (1) to
obtain Yy from the reference. All La7yPn;, superconduc-
tors have a moderate mass enhancement inferred from the
Sommerfeld coefficient, obtained via A, = Vexp/Veae — 1 =
0.33-0.84. For LaOs4P;, and LaRu4As;,, this mass enhance-
ment is clearly smaller than the values obtained for both
bands. The largest values for A,, Ay, and Ap. are found
in the compounds with the largest T;, LaRuyAs;,. However,
there is no obvious trend between 7, and the different A for
the remaining compounds. Furthermore, the trend of greatly
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TABLE II. Comparison of the superconducting LaZ,Pn;, members (T = Fe, Ru, and Os; Pn = P, As, and Sb) with respect to properties
determined by specific-heat and dHVA measurements, band-structure calculations, and their 7;.. The index “sp” labels properties measured
for the near-spherical FS sheet with B || [100]. The index “mc” represents properties of the multiply connected sheets for various directions.
For LaOs;As;; and LaOs,Sby,, this includes the near-cubic sheets. All experimental values of y.., were taken from Ref. [57] (see text for
further information). For LaOs;As;,, we compared to calculated band masses of 4 f-localized PrOs;As;,, which is equivalent to LaOs;As;,
calculations with slightly different lattice parameters [22].

* *

T. Vexp [57] Veale mg, Mpe

(K) (mJ/molK2)  (mJ/mol K2) - (me) hp (me) Aome Refs.
LaFe, P, 4.1 52 31 0.68 2.3 0.61 7.0-8.8 0.76-1.3 [20,50]
LaRuyPy, 7.2 20 (44 [24)) 19 0.53 - - 2.9-11.8 0.55-2.1 [17,24,58]
LaOs,P), 2.0 20 15 033 1.1 097 47 1.4 [23,35,59]
LaRu,As, 10.45 59 32.1 0.84 1.5 1.2 4593 2.3-2.7 [5], this work
LaOs4As); 32 49 (93 [60]) ? ? 1.3 0.52 2.0-3.3 1.1-1.3 [15,22,60,61]
LaRu,Sb), 3.6 47 ? ? 17 ? 1.1-1.4 ? [21.57.62]
LaOs4Sby, 0.74 54 36 0.50 0.7 0.58 2.54.1 1.8-2.5 [14,56]

increased T, for compounds with Ru on the T site compared to
their Os counterparts is not reflected in any other FS property.

IV. SUMMARY

We performed a comprehensive FS investigation of the
filled-skutterudite superconductor LaRusAs;; by combining
dHVA measurements and FPLO-and FLAPW-based DFT cal-
culations. Experimental and calculated data are in excellent
agreement, revealing the presence of two bands at Er. One
of the bands contributes to only 4% of the DOS at Ep,
creating a nearly isotropic FS sheet with low effective masses
(m* = 1.5-1.8 m,) and moderate mass enhancements (A =
1.2-1.4). The main DOS contribution comes from the second
band, producing a multiply connected FS sheet with elevated
effective masses (m* = 4.5-9.3 m,) and higher mass enhance-
ments (A = 2.3-2.7). The presence of two bands with largely
different DOS contributions, effective masses, and mass en-
hancements are in line with multiband superconductivity in

LaRu4As,. Additionally, we were able to detect quantum
oscillations in the superconducting state. We used two theo-
retical models describing the additional damping below B,
for fitting to the experimental data. The deduced supercon-
ducting gap for the MMG model slightly overestimates the
experimental value, whereas the MSWS model yields a gap
five times larger.
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