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Nodeless superconductivity in the charge density wave superconductor LaPt,Si,
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We have studied the superconducting gap structure of LaPt,Si, by measuring the temperature dependence of
the London penetration depth shift AA(T") and point contact spectroscopy of single crystals. AA(T) shows an
exponential temperature dependence at low temperatures, and the derived normalized superfluid density p,(T)
can be well described by a single-gap s-wave model. The point-contact conductance spectra can also be well
fitted by an s-wave Blonder-Tinkham-Klapwijk model, where the gap value shows a typical BCS temperature
and magnetic field dependence consistent with type-II superconductivity. These results suggest fully gapped
superconductivity in LaPt,Si,, with moderately strong electron-phonon coupling.

DOLI: 10.1103/PhysRevB.103.014515

I. INTRODUCTION

The interplay between charge density wave (CDW) or-
der and superconductivity has been a frontier subject in
condensed-matter physics [1-3]. In a number of CDW ma-
terials [4], superconductivity competes with the CDW order,
which leads to a sharp enhancement of the superconducting
transition temperature 7. upon suppressing the CDW transi-
tion. Recently, there has been growing interest focusing on
the nature of the superconducting state near a possible CDW
or structural quantum critical point, when a superconducting
dome is observed close to the disappearance of CDW order
upon applying pressure or chemical doping [5-8]. This is
somewhat similar to the antiferromagnetic quantum criticality
in heavy-fermion compounds [9,10] and FeAs-based super-
conductors [11,12]. Furthermore, the relationship between
CDW order and superconductivity in the high 7, cuprates
has also received considerable interest [13,14]. Therefore, it
is desirable to characterize the pairing states of new CDW
superconductors and to understand the interplay with CDW
ordering.

The RPt;X, (R = rare-earth/alkaline-earth element, X =
Si, As) compounds which crystallize in the CaBe,Ge,-type
structure (space group P4/nmm) are a family of CDW su-
perconductors with a variety of properties [15-18]. SrPt,As;
undergoes a CDW transition at about 470 K and a super-
conducting transition at 7, = 5.2 K [15], while BaPt,As;
exhibits CDW transition at 275 K and bulk superconductivity
below 1.33 K [17,19]. Low-temperature measurements of the
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specific heat suggest that both SrPt, As, and BaPt; As, behave
like s-wave superconductors [19,20]. For BaPt;As,, a com-
plex pressure-temperature phase diagram is obtained, showing
multiple steplike changes in 7, concomitant with anomalies
at elevated temperatures which may be associated with struc-
tural phase transitions [17]. Recently, both superconductivity
and CDW order were found in the isostructural compound
LaPt,;Si;. The presence of CDW order was confirmed by
selected area electron diffraction [16] and x-ray diffraction
results [21]. In contrast to BaPt,As,, LaPt,;Si, shows a su-
perconducting dome near the critical pressure P, = 2.4 GPa
where the CDW order suddenly vanishes [18]. However, this
compound shows no evidence of the existence of a structural
quantum critical point, and Fermi liquid behavior is preserved
upon tuning with pressure.

In the superconducting state of LaPt,Sip, the specific
heat shows an exponential temperature dependence, indi-
cating fully gapped superconductivity [22]. Meanwhile, the
superfluid density derived from muon-spin rotation (uSR)
experiments could be fitted by either a two-gap s-wave
model or a d-wave model [23]. Therefore, it is necessary
to further study its gap structure using methods which are
sensitive to the low-energy excitations. In this paper, we report
measurements of the magnetic penetration depth using the
tunnel-diode oscillator (TDO)-based method, as well as soft
point-contact spectroscopy (soft PCS) of single-crystalline
LaPt,Si,. We find that the data from both techniques are well
described by a single-gap s-wave model.

II. EXPERIMENTAL DETAILS

Single crystals of LaPt,Si, were synthesized using the
Czochralski method, as described in Ref. [22]. The electrical
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FIG. 1. Temperature dependence of the resistivity p(7) of
LaPt,Si,, measured upon both cooling and warming, as indicated
by the arrows. The inset shows the low-temperature o(7") near 7, =
1.8 K.

resistivity p(7) was measured using a standard four-probe
method, from 0.3 K to room temperature in a *He cryostat.
The London penetration depth shift AA(T) was measured
by using a TDO-based technique [24,25]. The operating fre-
quency of the TDO oscillator is about 7 MHz, with a noise
level as low as 0.1 Hz. The samples used for the TDO mea-
surements typically have dimensions of about 600 x 300 x
200 um?® and were mounted onto a sapphire rod. The small
ac field generated by the coil is about 20 mOe, which is
much smaller than the lower critical field H.; of the sample,
ensuring that the sample remains in the Meissner state. The
change in the magnetic penetration depth is converted from
the frequency shift by AA(T) = GAf(T), where G is the
calibration constant determined by the geometry of the sample
and coil [26].

The soft-PCS technique was also applied to study its gap
structure [27,28], where a drop of silver conductive paint
was placed between the surface of the sample and Au or Pt
wires. The sample was polished to be mirror shining, and a
25-pm-diameter Pt wire was used to form point contacts. In
the contact region, thousands of parallel conducting channels
can be assumed to be on the sample surface. The bias-voltage
dependance of the contact conductance G(V) is measured in
a quasi-four-probe configuration and recorded by the conven-
tional lock-in technique, where the minus current and voltage
probes bifurcate from the Au or Pt contact wire on the sample.
A cryostat from Oxford Instruments with a *He insert was
used to cool the sample to a base temperature of 0.3 K.

III. RESULTS

A. Penetration depth measurements

Figure 1 shows the electrical resistivity p(7") of LaPt,Si,,
which features a first-order CDW transition, as indicated
by the pronounced hysteresis loop. The transition tempera-
ture in our data is a little lower than that reported for the
polycrystalline samples [16,29]. The inset of Fig. 1 shows
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FIG. 2. AA(T) of LaPt,Si,, where samples were measured with
fields perpendicular and parallel to the ¢ axis. The dashed and dash-
dotted lines represent fitting using an s-wave model and a power-law
dependence, respectively. The inset shows A f(T') from 2.5 K down
to 0.35 K, where there is a sharp superconducting transition around
1.8 K.

the low-temperature p(7'), where a sharp superconducting
transition which onsets at 2.1 K is observed, reaching zero
resistivity at about 7, = 1.8 K.

Figure 2 shows the temperature dependence of the Lon-
don penetration depth shift AA(T") of two LaPt,Si, samples,
which were measured with fields perpendicular and parallel to
the ¢ axis. Here the calibration factors are G = 22 A/Hz and
G = 18 A/Hz for H || ¢ and H L c, respectively. The inset
displays A f(T) with H L ¢ from 2.5 K down to 0.35 K. It
can be seen that there is a sharp superconducting transition
in Af(T), with a midpoint of 7, = 1.8 K. Upon lowering
the temperature, AA(T) flattens, indicating fully gapped su-
perconductivity in LaPt,Si,. The similar behavior for the two
field directions is consistent with an isotropic gap structure in
LaPt;Si,. For a single-gap isotropic s-wave superconductor,
AM(T) shows an exponentially activated temperature depen-

dence for T < T,
A(0)
), (D

AMT) = 1(0) “oT

7 A(0)
€X
2ksT

where A(0) and A(O) are the magnetic penetration depth
and superconducting gap magnitude at zero temperature, re-
spectively. As displayed by the dashed line, our experimental
data for two directions can be well described by an s-wave
model below 7./3 with A(0) = 1.88kgT., where A(0) =
279.3 nm is fixed from Ref. [23]. If the data are fitted with
power-law behavior AA(T) o T", from the base tempera-
ture up to 0.65 K, a large exponent of n = 4.7 is obtained,
which indicates nodeless superconductivity. Therefore, our
measurements clearly show that LaPt;Si, is a fully gapped
superconductor. To further investigate the superconducting
gap structure of LaPt,Si,, we also analyzed the normalized
superfluid density p,(T') derived by p,(T) = [A(0)/A(T)1%,
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FIG. 3. Normalized superfluid density p, with H L ¢ as a func-
tion of the reduced temperature 7 /T.. The solid, dashed, and
dash-dotted lines here represent the fits for s-, p-, and d-wave models,
respectively.

using A(0) = 279.3 nm from Ref. [23]. This quantity for
H 1 c is displayed as a function of the reduced temperature
T /T. in Fig. 3. For a given gap function Ay, the temperature
dependence of p,(T) can be calculated by

< < EdE 9 f>
ps(T)y=1+2 / ) @
Ax E2 _ A% 8E

\ FS
where f(E, T) = [1 + exp(E /kgT)]~! and Ay (T) = A(T)gx
are the Fermi-Dirac distribution function and the super-
conducting gap function, respectively. The gap function is
the product of an angle-dependent component g; and a
temperature-dependent part A(7). A(T) was approximated
using [30]

A(T) = A(O)tanh{1.82[1.018(7./T — 1)]>'}.  (3)

The results from fitting with different models are displayed
in Fig. 3. In the case of a single-gap s-wave model with g, =
1, this model can well describe the experimental data with
a fitted value of A(0) = 0.31 meV, yielding A(0)/kgT, =
2.0. The results from fitting with two nodal models are also
displayed in Fig. 3. Here g; of sin 8 and cos 2¢ were used for
a p-wave model and d-wave model, respectively, where 6 is
the polar angle and ¢ is the azimuthal angle [31]. As shown
in Fig. 3, both models display different behaviors at low tem-
peratures in contrast to our data, which gives further evidence
of nodeless superconductivity. These results therefore indicate
that the superfluid density is well described by a single-gap s-
wave model. The deduced gap of 2.0k T, is close to the value
1.88kpT, derived from fitting the low-temperature AA(T'). As
these values are all larger than the value of 1.76kgT_ predicted
from weakly coupled BCS theory, our results suggest a single-
gap s-wave superconductivity in LaPt;Si, with moderately
strong coupling.
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FIG. 4. (a) A set of representative point-contact conductance
curves at 0.3 K in comparison with optimal BTK fitting curves
(black solid lines). (b) A statistical plot of the conductance peak
enhancement intensity (half-filled blue stars) and the extracted su-
perconducting gap (olive green spheres) as a function of the smearing
factor I divided by the gap A, I' /A, for different contacts.

B. Point-contact spectroscopy measurements

Dozens of soft point contacts on LaPt,Si, single crystals
were measured to study its gap structure, and several rep-
resentative conductance curves from different contacts at a
low temperature of 0.3 K are shown in Fig. 4(a). A common
symmetric double-peak structure with the bias voltage around
+0.24 mV is observed for all curves, and the curves can
be well fitted by the single-band s-wave Blonder-Tinkham-
Klapwijk (BTK) model [32]. In particular, curves 3 and 5 in
Fig. 4(a) show a very close match to the BTK fitting curves.
All these conductance curves from different contacts con-
sistently suggest a fully gapped behavior. A slight deviation
at higher bias can be noticed for some curves due to the
dip structure, which is generally believed to originate from
the heating effect for the current across the contact. In such
a case, the current can exceed the superconducting critical
current, leading to a transition to the normal state [33,34],
and the obtained gap would be underestimated relative to the
actual value. We note that our extracted gap values A are
scattered only in a small range between 0.23 and 0.3 meV,
yielding 2A(0)/kgT, from 3.0 to 3.7 with 7, = 1.9 K, close
to the weak-coupling limit of 3.52. Meanwhile, the ratio of
the quasiparticle smearing parameter I" to the gap value A,
I'/A, ranges from 0.15 to 0.55, indicating a wide range of
the quasiparticle smearing with varying surface conditions of
the contacts. If we summarize the obtained superconducting
gap as a function of I'/ A for different contacts and plot them
together with the relative Andreev reflection peak intensity
as shown in Fig. 4(b), the gap value A does not change sig-
nificantly with I'/A, while the peak intensity roughly shows
a systematic decrease. It supports the idea that the obtained
gap value is independent of the interface scattering with the
spectroscopic nature of our soft point contacts.

Figures 5(a) and 5(b) show the temperature and magnetic
field dependence of the conductance curves G(V) in soft
PCS, respectively, in comparison with the BTK fitting curves.
With increasing temperature, the double peaks at 0.3 K get
closer to each other and are smeared into a zero-bias peak
at around 1.3 K and finally disappear at its superconducting
transition temperature around 1.9 K. Figure 5(c) shows the
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FIG. 5. (a) and (b) The temperature and magnetic field evolution
of the soft PCS on LaPt,Si, in comparison with optimal BTK fitting
curves. The curves are shifted for clarity, and the magnetic field is
applied perpendicular to the sample surface. (c) and (d) The extracted
superconducting gap value A from BTK fitting as a function of
temperature and magnetic field, respectively. Solid lines in (c) and
(d) show the BCS gap function and fitted curve.

extracted gap values A from the BTK fitting as a function of
temperature, consistent with the BCS behavior. The extracted
zero-temperature superconducting gap A(0) is determined to
be 0.297(3) meV, yielding 2A(0)/kgT, = 3.62(4), with T, =
1.9 K, slightly larger than the weak-coupling value of 3.52.
On the other hand, the conductance curves as a function of
magnetic field are shown in Fig. 5(b) in comparison with the

single-gap s-wave fitting curves at 7 = 0.3 K. The Andreev
reflection signal in the conductance curves is smeared with
field up to around 0.45 T. The extracted gap values A(H)
as a function of field are plotted in Fig. 5(d) and follow the
formula A(H) = A0)/1 — H/H.» [35], consistent with a
typical type-II superconductor in the field. The temperature
and magnetic field evolution of soft PCS thus supports a single
fully opened superconducting gap in LaPt,Si, with 2A¢/kgT.
=3.62(4).

IV. SUMMARY

Our TDO and soft-PCS results for LaPt,;Si, both show
that there is fully gapped s-wave behavior, giving a consis-
tent zero-temperature gap size of about 0.3 meV. For TDO
measurements, an exponential behavior of AXL(T) was ob-
served below T./3, and the superfluid density p,(7T") could be
well described by a single-gap s-wave model. For soft-PCS
measurements, the temperature and magnetic field evolution
of the conductance curves can be well fitted by a single-gap
s-wave BTK model, and the extracted gap follows typical BCS
behavior. However, we note that in Ref. [23], it is reported
that there is multigap superconductivity in this material based
on 1SR measurements. One possible origin of this difference
may be related to the difference between the single-crystal and
polycrystalline samples.
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