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CeRh,As, is a rare unconventional superconductor (7. = 0.26 K) characterized by two
adjacent superconducting phases for a magnetic field H||c-axis of the tetragonal crystal
structure. Antiferromagnetic order, quadrupole-density-wave order (To = 0.4 K) and the
proximity of this material to a quantum-critical point have also been reported: The
coexistence of these phenomena with superconductivity is currently under discussion.
Here, we present thermal conductivity and electrical resistivity measurements on a single
crystal of CeRh,As, between 60 mK and 200 K and in magnetic fields (H|ic) up to 8T.
Extrapolation of our normal-state data to zero temperature validates the Wiedemann-Franz
law within the error bars. The T dependence of the thermal conductivity x(7) shows a
pronounced drop below T, which is also field dependent and thus interpreted as the
signature of superconductivity. However, the large residual resistivity and the lack of sharp
anomalies in k(T) at the expected transition temperatures clearly indicate that samples of
much higher purity are required to gain more information about the superconducting gap
structure.

Keywords: superconductivity, low temperature, heavy fermion, local inversion-symmetry breaking, thermal
conductivity, Wiedemann-Franz law

1 INTRODUCTION

CeRh,As, is a newly discovered unconventional heavy-fermion superconductor with T, = 0.26 K
(Khim et al., 2021). Two different superconducting states occur when the magnetic field H is applied
along the crystallographic ¢ axis, as shown in the H — T phase diagram in Figure 1A. The low-field
superconducting state SC1 changes into the high-field superconducting state SC2 at yoH* ~ 4 T. At
this field the T.-vs-H phase boundary line shows a sharp kink. Remarkably, the SC2 state has an
extremely large upper critical field poH., = 14 T limited by orbital pair breaking. For fields applied
within the basal plane H L c only the SC1 state exists and is Pauli limited with an upper critical field
uoHc> =2 T. This field still exceeds the BCS Pauli limit by a factor of 4. The anisotropy of H, and the
superconducting phase diagrams were explained by a model based on the crystal symmetry: The
tetragonal CaBe,Ge,-type structure of CeRh,As, is globally centrosymmetric but breaks inversion
symmetry locally at the Ce site. As a consequence, Rashba spin-orbit coupling arises with alternating
sign in the two adjacent Ce layers. In this picture, SC1 is identified as an even-parity superconducting
state and SC2 as an odd-parity superconducting state (Khim et al., 2021; Cavanagh et al., 2022). The
angle dependence of the critical fields agrees with this interpretation (Landaeta et al., 2022). A recent
theoretical work hypothesizes that odd SC2 might also exist for H L ¢ but is suppressed by impurities.
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FIGURE 1 | (A) Superconducting phase diagram of CeRh,As, for H//c. The values of T, at the phase boundaries estimated from specific-heat and field-dependent
ac susceptibility measurements are reproduced from Ref. Khim et al. (2021). In addition, we show T, determined from our resistivity measurements as the temperature at
which p drops to 50% of the normal-state value. Error bars indicate the transition width. (B) Temperature dependence of the thermal conductivity «(T) and of the electrical
resistivity p(T) of CeRhoAs,. The low-T and high-T data have been measured on two different samples using two different setups. The dotted line, which connects
the high-T and low-T «(T) data, is a guide to the eye. The bulk T, estimated from specific-heat measurements is marked by a dashed vertical line. Estimates of the electron
and phonon contributions to the thermal conductivity, determined as explained in the text, are shown. The green line emphasizes that x oc T'24 petween 1.2 K and Te.
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By contrast, the even SC1 phase is robust to impurities (Mdockli
and Ramires, 2021a). Experimentally, the sensitivity to impurities
has not been investigated systematically. Further theoretical
investigations cover different options for the superconducting
order parameters (Skurativska et al., 2021; Mockli and Ramires,
2021b,a; Nogaki et al, 2021; Schertenleib et al., 2021) and a
normal-state Lifshitz transition with field (Ptok et al., 2021).
The behavior in the normal state is also unconventional and
complex. It mainly originates from two key properties of CeRh,As,:
Its vicinity to a quantum-critical point and the unusual situation in
which the energy difference between the two lowest-lying crystal-
electric-field doublets of the Ce** ions is comparable to the Kondo
temperature (Tx = 30K) of this material. The first property is
evidenced by the large increase of the specific heat, C(T)/T oc T~%°,
towards low temperatures, very low ordering temperatures and the
presence of superconductivity (Khim et al., 2021; Hafner et al., 2022).
Furthermore, a non-Fermi-liquid behavior is observed in resistivity,
(p - py) o< VT (Khim et al., 2021; Hafner et al., 2022). The second
property allows a substantial mixing of the excited crystal-electric-
field states into the ground state by the Kondo interaction. Hence,
quadrupolar degrees of freedom occur in the heavy bands at the
Fermi level. Nesting can then promote a phase transition into a
quadrupole-density-wave state which was proposed to exist below a
temperature Ty = 0.4 K (Hafner et al., 2022). In addition, an increase
of the As(2) nuclear quadrupole resonance line-width below Ty =
0.25K was interpreted as the onset of antiferromagnetic order
(Kibune et al, 2022). The influence of those phases on the
superconducting states has still to be investigated thoroughly.
Many details of the normal-state and superconducting
properties of CeRh,As, are unsettled up to now. For example,
little is known about the superconducting gap structure and the
presence or absence of nodes. The only available information is
from muon spin resonance experiments: The weak T dependence
of the superconducting relaxation rate for T — 0 points to a gap
structure with point-like nodes or a full gap (Khim, 2022). This
motivated us to study the thermal conductivity ¥ which depends
sensitively on the available heat carriers and on the relevant

scattering processes. In the past, measurements of x have been
applied successfully to study the gap structure of unconventional
superconductors (Izawa et al, 2005; Dong et al, 2010;
Shakeripour et al., 2010; Reid et al., 2012). So, this technique
might be able to reveal differences in the gap structure of the two
superconducting states in CeRh,As,. Another fundamental
relation that can be verified by these experiments is the
Wiedemann-Franz law. A violation of this law in the T = 0
limit would provide a direct proof for the breakdown of the
quasiparticles picture, as it has been proposed for systems at a
quantum-critical point (Podolsky et al., 2007; Tanatar et al., 2007;
Kim and Pépin, 2009; Pfau et al., 2012; Taupin et al.,, 2015). In
order to obtain a comprehensive picture about the heat transport
in CeRh,As,, we measured « in a large T range, between 60 mK
and 200 K, which covers T, T, as well as Tx. At low temperatures,
we also studied the magnetic-field dependence with fields H|lc up
to 8 T across the transition field H* between SC1 and SC2. We
supplement these investigations by electrical resistivity
measurements and a comparison of our data with the
Sommerfeld coefficient C/T (T — 0).

Our measurements reveal no clear anomalies in the thermal
conductivity as a function of temperature at the phase transition
temperatures T, and T, probably due to scattering from defects in
our sample. A crude extrapolation to T = 0 of the Lorenz ratio from
above 0.4 K confirms the validity of the Wiedemann-Franz law
within the error bars. Superconductivity induces a pronounced
drop of x(T)/T below T that shifts with magnetic field as expected
from the behavior of H.,. However, better samples are needed to
obtain clear information about the gap structure.

2 METHODS AND EXPERIMENTAL
DETAILS

We measured the low-temperature thermal conductivity «(T) and
the electrical resistivity p(T) of single-crystalline CeRh,As,
between T = 60 mK and 1.2K and for magnetic fields up to
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8 T. Both, the heat current and the electrical current were applied
within the ab-plane of the crystal, while the magnetic field was
applied parallel to the c axis. A second sample was used to extend
zero-field measurements to about 300 K. Thermal conductivity
measurements in our setups require samples with a minimum
length of about 1.5mm. We cut bar-shaped samples with
dimensions of approximately 2 x 0.5 x 0.1 mm’ from
appropriate crystals.

Low-temperature measurements were performed in a dilution
refrigerator using a home-made setup. The thermal conductivity
was measured by a four-point steady-state method using two
RuO, thermometers and a resistive heater. The sample
thermometers were calibrated in-situ for each temperature
sweep against a field-calibrated thermometer at the cold bath.
The field was always changed at high temperature in the normal
state of the sample. The electrical resistivity was determined by an
ac technique. x and p were obtained in subsequent measurements
using the same contacts.

High-T measurements were performed in a commercial
Physical Property Measurement System (PPMS from Quantum
Design) using a modified sample holder for the thermal transport
option suitable for small single crystals [(Stockert et al., 2017)
which contains a photo of part of the setup]. Due to the
considerable contact width compared to the sample
dimensions, the uncertainty of the geometry factor of the
high-temperature measurement is relatively large. Instead, the
geometry factor chosen for sample 2 in Figure 1B was
determined by matching low- and high-T « and p data. It
agrees with the geometry factor from sample size and contact
separation within the uncertainty, ie., a difference of 20%
between the two geometry factors. For T > 200K, the
measured thermal conductivity strongly increases due to
thermal radiation losses. Therefore, we neither show nor
discuss x-data in this T range.

3 RESULTS

3.1 Zero-Field Thermal and Electrical
Transport Between 2 K and 200 K

Figure 1B shows the thermal conductivity of CeRh,As, between
200 K and 60 mK. For comparison, we also plot the electrical
resistivity p(T) between 300 K and 100 mK, which reflects the
behavior previously observed in other samples (Khim et al.,
2021). In this section, we only focus on data above 2K. «(T)
decreases monotonously with decreasing temperature. A plateau
is reached at around 40 K. On the contrary, the resistivity p(T)
increases with decreasing temperature due to Kondo scattering.
At Tx = 30K a maximum is reached. Towards lower T, p(T)
decreases due to the onset of coherence and thermal depopulation
of the excited crystal-electric-field levels. The residual resistivity
ratio of our crystals p(300 K)/p(0.4K) = 2 is rather small and
comparable to the one measured previously (Khim et al. (2021).
The smaller absolute values of p(0.4 K) in Ref. Hafner et al.
(2022), which were obtained on very small crystals from the same
batch as that investigated in Ref. Khim et al. (2021), are probably
due to uncertainties in estimating the geometry factor.

Low-Temperature Thermal Conductivity of CeRh,As,

Characterization measurements of p(T) on a large number of
CeRh,As, crystals for other experiments confirm that a room
temperature resistivity of 100 yQcm is a reasonable value for the
material (Semeniuk (2022)).

From the data in Figure 1B it is not directly clear whether the
plateau in x(T) is related to the maximum in p(T) or not. We can,
however, consider that the thermal conductivity of standard
nonmagnetic metals is the sum of two contributions, namely
that of phonons () and that of charge carriers (x.). A rough
estimate of . can be obtained from the electrical resistivity by
simply assuming that the Wiedemann-Franz law is valid. In this
case, K = Kwg = LoT/p with the Lorenz constant Ly = %2 ("7“)2 =
2.44 x 1078 VK> By subtracting xwr from the total thermal
conductivity we obtain an estimate for «,,;,. Both contributions to
k are shown in Figure 1B. It can be clearly seen, that in the
temperature range between roughly 2 K and 200 K, the thermal
conductivity is dominated by the phonon contribution. The
uncertainty in our estimate of ko from p(T) is therefore not
relevant for the qualitative behavior of «p. In particular, «y, is
definitely responsible for the plateau at 40 K.

Qualitatively, the temperature dependence of «,, can be
understood as follows: Starting from low T, «,, of clean
materials initially increases with increasing phonon density.
Upon further heating, phonon-phonon interactions become
more relevant with allowed Umklapp scattering, and «,,, starts
to decrease again. Therefore, «,;, usually exhibits a maximum at
intermediate temperatures. The exact temperature dependence of
kph as well as the magnitude and position of the maximum
depend on the relevant scattering processes and the purity of
the material. Our crystals exhibit rather large residual resistivities
with p(300 K)/p(0.4 K) = 2 indicative of a considerable number of
scattering centers. This may be the reason for the absence of a
more pronounced maximum in x,,(T). A weak T dependence of
Kph Without pronounced maximum is typical of Ce-based heavy-
fermion compounds, and has been observed, e.g., in CeCu,Si,
(Franz et al., 1978), CeCu, (Gratz et al., 1985), CeAl, (Bauer et al.,
1986), CeCuyAl (Falkowski and Kowalczyk, 2011),
Ce(Ni;_,Cu,),Si, (Tolinski et al., 2013), and CeRh,Ga,
(Anand et al., 2017).

Between 2 K and 10 K, in CeRh,As,, the inelastic scattering of
charge carriers below the Kondo coherence maximum and the
non-Fermi-liquid behavior observed at low-T lead to a larger
uncertainty of estimating the phonon thermal conductivity via
the Wiedemann-Franz law. Lacking a better method, we
nevertheless continue in the same way. The estimated phonon
thermal conductivity of CeRh,As, in that temperature range
exhibits roughly a linear temperature dependence, x,n(T) oc T,
which may be somewhat surprising. In a very simple picture , is
expected to follow a T°-function. This type of behavior can be
derived within the Boltzmann formalism assuming a
momentum- and T-independent phonon mean free path and
velocity. However, the situation in real materials is much more
complicated. Different types of scattering mechanisms lead to
other temperature dependencies. For instance, scattering of
phonons from electrons and dislocations may result in #p, oc
T° [Ziman (1960)] and phonon specular reflection results in an
exponent between 2 and 3 (Li et al., 2008). A linear-in-T
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FIGURE 2 | (A) T dependence of the thermal conductivity of CeRh,As, plotted as «(7)/T vs. T and compared to electrical resistivity p(T) measured using the same
contacts. Afit p = p, + AVT for T > 0.5 Kis shown as a red line. The electronic contribution to the thermal conductivity estimated from p(T) using the Wiedemann-Franz
law is plotted as «(T)we/T. (B) T dependence of the Lorenz ratio normalized to L. The lines are fits to the zero-field data. The shaded area indicates the range of fit reliability
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dependence of «p, has also been found and ascribed to the
existence of dislocation networks (Kapoor et al, 1974; Franz
etal,, 1978). A quasi-linear-in-T behavior was found in the above
mentioned Ce-based heavy-fermion compounds CeCuyAl
(Falkowski and Kowalczyk, 2011) and CeRh,Ga, (Anand
et al., 2017).

We would like to emphasize, that the unusual T dependence of
Kph cannot be explained solely by uncertainties of estimating x|
via the Wiedemann-Franz law. Since k. amounts to at most 30%
of the total thermal conductivity at 2 K, the T-dependence of 1,
will not change dramatically, e.g., from linear to quadratic, as long
as deviations of the experimental Lorenz number L. = pxg/T
from L, are small and weakly T-dependent. A direct
determination of Ly is difficult, since it requires accurate
separation of x into phonon and an electron contributions.
The only example of a Ce system where this was done in the
relevant T range is La;_,Ce,Al, with L./L, at most 1.25 (Moeser
and Steglich, 1975). Assuming a similar Lorenz ratio for
CeRh,As, would enhance the electronic contribution to x only
moderately to at most 40% at 2 K, which is too small to change the
T dependence of «,}, fundamentally.

3.2 Zero-Field Thermal and Electrical

Transport Below 2K

Now we take a look at the low- T behavior of p(T) and x(T) in zero
magnetic field summarized in Figure 2A. The resistivity shows
the superconducting transition at 0.36 K. This temperature is
larger than the bulk T, = 0.26 K determined from specific heat, as
shown in Figure 1A. This is probably due to defect-mediated
percolation superconductivity (Khim et al., 2021). Importantly,
Figure 1A demonstrates how the suppression of the
superconducting transition in p(T) with magnetic field follows
the behavior of the bulk T, thus excluding the possibility of a
superconducting impurity phase. The low-temperature normal-
state resistivity exhibits a rather unusual temperature
dependence, p(T) VT (Hafner et al., 2022). In simple metals
p can be treated as a sum of three contributions: p = po + pei.pn +
Pel-el- Po is a constant residual value due to scattering of charge

carriers by impurities, which dominates in the zero-T limit.
Scattering of electrons by phonons gives rise to a pepn o T°
increase. Electron-electron scattering in a Fermi liquid results in a
TQ—temperature dependence with p,_.; = AT*for T— 0.In heavy-
fermion metals, this contribution is considerable since the
electron mass is renormalized to a larger effective mass m*
and A oc (m*)? (Kadowaki and Woods, 1986). Deviation from
Fermi-liquid behavior is primarily found in systems located near
a quantum-critical point (Custers et al., 2003). This could indeed
be the case of CeRh,As, in which our fit with p = p, + AVT
shows a good match for T > 05K (red line in Figure 2A).
However, the origin of this unusual T dependence is so far not
clear. Since it is found in a limited temperature range, it might
also be a crossover region between different behaviors, e.g., the
Kondo coherence region below 30 K and a Fermi-liquid region at
low T. In addition, an upturn in p(T) below T, was previously
observed (Hafner et al., 2022). This was attributed to the opening
of a gap at the Fermi surface due to nesting at T,. This feature is
not resolved in our measurement, possibly due to strong impurity
scattering or because it appears across the onset of
superconductivity at 0.36 K. In the zero-temperature limit, a
Fermi-liquid T° dependence should be recovered if the system
is not right at a quantum-critical point. From the observed T
dependence, it is not possible to determine a reasonable value for
po from these data. The thermal conductivity changes smoothly
with decreasing temperature and follows a power-law behavior
x(T) o< T" with n = 1.24 below 1.2 K (green line in Figure 1B), but
no sharp anomalies could be detected either at T, or at T.. Above
T, we observe a weakly concave T dependence. This is unusual
and probably due to a combination of both the unconventional
temperature dependencies of electron and phonon contributions.
Therefore, we cannot subtract the phonon contribution and
extract the value of x/T of the normal state in the zero-
temperature limit. Lowering the temperature further, /T
bends down at approximately 0.2 K and shows a steep slope of
the data at lowest T. We attribute this downward bending of x/T
to the onset of superconductivity. Such behavior is not unusual.
From theory, it is difficult to predict the effect of
superconductivity on thermal transport. In general, the
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enhanced quasiparticle scattering time below T. competes with
the suppression of the quasiparticle population, and both an
increase and a drop of x have been observed when cooling below
T, . Inall cases, x goes to zero in the zero-temperature limit, but x/
T can stay finite in the superconducting state if the gap structure
has nodes. The downward bending in CeRh,As, is then due to the
reduced number of heat carriers towards low temperature since
Cooper pairs do not carry heat. Our field-dependent
measurements presented below provide further confirmation,
that the bending in #/T is caused by the onset of
superconductivity.

3.3 Wiedemann-Franz Law

In the temperature range below 2 K, the electronic contribution to
the thermal conductivity becomes increasingly relevant (see a
comparison of x/T and xwg/T in Figure 2A). Normally, the
Wiedermann-Franz law is studied and established for the
electronic contribution to thermal conductivity, ie., L = px /T,
which can tell us if scattering processes have different effects on
thermal and electrical transport of charge carriers (Jaoui et al.,
2021). In the zero-temperature limit L = L, is expected in a
normal metal where the Wiedemann-Franz law should be
fulfilled, but might be violated near a quantum-critical point
(Podolsky et al., 2007; Tanatar et al., 2007; Kim and Pépin, 2009;
Pfau et al., 2012; Taupin et al, 2015). However, as described
above, we are not able to determine and remove «,;, from « to
extract the pure electronic contribution. Therefore, we use a
different approach. We calculate the Lorenz ratio L = px/T
taking the total thermal conductivity and normalize it by the
Lorenz constant Lo. This ratio is also expected to reach unity in
the zero-temperature limit if the Wiedemann-Franz law is
fulfilled, since ), goes to zero.

Figure 2B shows the normalized Lorenz ratio L/L, for
CeRh,As, in the T range below 1.2K. L/L, is well above
one but decreases towards one with decreasing T. Most
likely, the phonon contribution to « is still considerable in
this temperature range in our material. Due to the onset of
superconductivity, our calculation of L/Ly in zero field is
limited to temperatures above 0.36 K. These data mainly
reflect the behavior of CeRh,As, above Ty, but an influence
of the transition at Ty = 0.4 K cannot be excluded. Therefore,
and because of the unusual temperature dependencies of x and
p, any extrapolation of the data to 0 K goes along with large
uncertainties. As rough attempts we show polynomial fits up to
3" order for T > 0.4 K, without any physical reasoning. A
linear fit does not describe the data well and extrapolates to L/
Ly = 1.2. Polynomials of higher order better fit the data and
extrapolate to values of L/Ly < 1. The corresponding fits are
shown as lines Figure 2B. Using only part of the data range for
fitting slightly changes the results. Nevertheless, as long as we
use at least the data up to 1 K, all fits fall in the range shaded in
blue in Figure 2B, which is roughly limited by the linear fit and
the polynom of 3™ order on the whole data set below 1.2 K.
Within the error bars of our analysis, L/L, extrapolates to one
at T — 0 as expected for a Fermi liquid. However, moderate
deviations from this ideal value cannot be excluded due to the
limited T range for the data extrapolation.

Low-Temperature Thermal Conductivity of CeRh,As,

A more accurate evaluation of L/L, in the unordered state
might be achieved in magnetic fields if we assume that the only
effect of the magnetic field is to suppress both T, and T, without
changing the paramagnetic state. Therefore, we also show L/L in
5and 7 T at lower T for comparison in Figure 2B. At these fields,
the T, order should be completely suppressed and hence the
Wiedemann-Franz law in the paramagnetic state is tested. These
data points follow the extrapolation of the zero-field curve. At this
point we would also like to mention, that application of a
magnetic field perpendicular to ¢ would not increase the T
range for evaluation of L/L, in the paramagnetic state. Though
T, is suppressed much more rapidly in that case, T, increases with
field (Hafner et al., 2022) and thus further reduces the useful
temperature range. In contrast, it would allow a test of the
Wiedemann-Franz law in the T ordered state.

In the strict sense, concluding a validity or violation of the
Wiedemann-Franz law from L/L, in the zero-T limit is not
reasonable without quantifying what would be a relevant
deviation from unity. Over the past years many systems have
been claimed to show a huge violation exceeding in some cases L/
Ly = 10, although not always in the zero-T limit. Such large
deviations, e.g., in the Luttinger liquid candidate Lig9Mo4sO;;
(Wakeham et al., 2011), are excluded for CeRh,As,. However, as
discussed in detail in Ref. (Lavasani et al., 2019) the Wiedemann-
Franz law may be violated also due to trivial reasons, e.g., residual
inelastic scattering in the investigated T range or bipolar
conduction. For a better comparability we take a look at the
Lorenz ratio in the zero-T limit in strongly correlated systems
showing non-Fermi-liquid behavior close to a quantum-critical
point: A rather low value of L/Ly = 0.5 is observed in CeColn;
right at its field-induced quantum critical point (Tanatar et al,
2007). A much weaker reduction of L/Ly = 0.92 is reported for
YbAgGe (Dong et al., 2013). By contrast, L/Ly = 1 for CeNi,Ge,
(Kambe et al.,, 1999), B-YbAIB, (Sutherland et al, 2015), and
Sr;Ru,O; (Ronning et al, 2006), within the experimental
uncertainties of 10%, 3%, and 5%, respectively. The difficulties
in confirming a violation of the Wiedemann-Franz-law are most
obvious for YbRh,Si, (Taupin et al., 2015). Depending on the
extrapolation of the data to 0 K, this material is either claimed to
show a reduced value L/L, = 0.9 (Pfau et al., 2012) or no deviation
from unity (Machida et al., 2013; Reid et al., 2014). This example
demonstrates that a confirmation of a violation of the
Wiedemann-Franz-law at lowest T is not trivial. Concerning
CeRh,As,, a large violation as in CeColns is well beyond our
uncertainty and can be excluded, while smaller deviations of
about 10% as in YbAgGe and possibly in YbRh,Si, are still
possible within the resolution of our experiment.

3.4 Magnetic Field Dependence

In order to clarify whether the low-temperature downward
bending of /T at roughly 02K is related to
superconductivity, we studied the influence of magnetic fields
H up to 8T parallel to the ¢ axis. Figure 3A shows x(T)/T in
various fields. Above 0.5 K we find an almost field-independent
behavior. The change of /T with field is less than 3% and below
the resolution of our measurement. This negligible field
dependence is consistent with the weak magnetoresistance for
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Low-Temperature Thermal Conductivity of CeRh,As,

FIGURE 3 | (A) Main plot: Thermal conductivity of CeRh,As, divided by temperature in various magnetic fields. The dashed lines indicate cuts at constant «/T,
which are used for the inset. Inset: The stars indicate the field dependence of T, taken from Ref. Khim et al. (2021) and are compared with points taken from our data at
constant «/T. (B) Field dependence of the thermal conductivity at 120 mK normalized to the value in the normal state, «/x,,. For comparison, the field dependence of the
specific heat coefficient y = C/T taken at constant T= 50 mK and extrapolated for T — 0, normalized to the value at H = 0, is plotted. The continuous line is a guide to
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charge transport (Hafner et al., 2022). No field dependence is
expected from phonon transport, as well. Below about
0.4K (= T)y), « increases slightly with field. Although a clear
anomaly in the zero-field curve is missing, this increase suggests
that the order at Ty, suppresses . This is in agreement with an
increase in the electrical resistivity observed in small in-plane
magnetic fields that was explained by a reconstruction of the
Fermi surface due to nesting (Hafner et al., 2022). When this
order disappears with fields along the ¢ axis, « increases and p
decreases. At lower T = 0.2 K the downward bending of «/T is
shifted to lower temperature with increasing H. This is
accompanied by increasing values of /T at constant T.
Although the bending of /T is clearly visible, it is not
possible to define a characteristic onset temperature or a T,
from our data directly. Therefore, we use the field dependence
of constant «/T to quantify the influence of H. In the inset of
Figure 3A we plot the temperatures at which «/T reaches 0.06 W/
K’m and 0.065 W/K?m. The corresponding values are indicated
by dashed lines in the main plot of Figure 3A. For comparison,
we also plot the superconducting transition temperature T, from
Ref. (Khim et al, 2021). determined by specific-heat
measurements. The inset of Figure 3A clearly demonstrates
that the downward bending of x/T moves to lower
temperature with increasing magnetic field. The field
dependence of T (x/T = const) roughly follows that of T.
However, the characteristic behavior of T.(H) with a kink at
the transition between the two superconducting phases at yoH* =
4T is not well reproduced. This is in contrast to our resistivity
results on the same sample that show a clear kink at T*, see
Figure 1A. The discrepancy between electrical and thermal
conductivity may be due to the limited resolution of our
analysis, which does not reveal any feature in T (x/T =
const) vs. H.

In summary, the impact of the superconducting transition at
T. on k(T) of CeRh,As, in our experiments is weak, probably due
to residual states which contribute to thermal transport, despite
the condensation of quasiparticles into the superconducting state.
In the trivial case, such states are defects, which cause the

presence of normal quasiparticles. A systematic study on
Sr,RuO, shows a broadening of the superconducting transition
in x(T) with increasing impurity concentration (Suzuki et al,
2002). A similar trend is seen in type-I, elemental
superconductors (Hulm, 1949). In Celrlns, a heavy-fermion
superconductor, «/T (T < T.) shows a peak. With disorder,
the peak disappears and becomes a downward bend from the
normal-state value at T. (Shakeripour et al, 2010). So,
measurements on CeRh,As, samples of higher purity are
definitively = required to study the influence of
superconductivity on x(T) in more detail.

The temperature dependence of x(T) in the temperature range
below T. provides information about the gap structure. For
instance, an exponential T dependence indicates a full
superconducting gap whereas a power-law-behavior points to
the presence of nodes. As a consequence, the extrapolation of the
thermal conductivity x/T towards T = 0 will be finite if the
superconducting gap has nodes, but it will be zero if the gap is
finite everywhere on the Fermi surface (Shakeripour et al., 2010).

The magnetic field dependence also depends on the
superconducting gap structure. The field dependence of
thermal conductivity and specific heat in a superconductor in
the zero-temperature limit is comparable if scattering of the
quasiparticles with vortices can be neglected. Both quantities
are sensitive to the increase of the density of states of the
normal states inside the vortex core—resulting in a linear
increase in field—and to the Volovik effect (Volovik, 1993)
which can lead to different field dependencies depending on
the pairing state (Bang, 2010), for example the famous VH
dependence for line nodes. On the other hand, scattering with
vortices can lead to a decrease in x with increasing field that does
not affect the specific heat. Unfortunately, the extrapolation of
to T = 0 does not make sense for our data since we are at 0.25 T,
for H = 0 and approach 0.6 T, at 8T, all not low enough.
Therefore, we only report on the observed field dependence
without a detailed discussion of the physics. With that in
mind, we investigate the field dependence of x in the
superconducting state at 120 mK, which was the lowest
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temperature at which x was determined for all fields. We have
normalized « to a field-independent estimate of the normal-state
value at that temperature, x, (120 mK) = 8.7 x 107 W/Km
determined from a linear extrapolation of the temperature
dependence of x/T in high magnetic fields (uoH > 77T, T >
0.3 K). Using zero-field data between 0.4 and 1 K instead for the
estimation of «,,, yields a similar value of 8.5 x 107> W/Km. The
results are plotted in Figure 3B and compared to the field
dependence of the specific-heat coefficient y = C/T taken at
constant T = 50 mK and extrapolated for T — 0, normalized
to the value at H = 0. Note that there is a large residual y even in
the T — 0 limit (Khim et al., 2021), which changes with the
observed T, (Brando, 2022). This is an indication that the low-
temperature C/T value might be dominated by impurities.

At low magnetic fields, y/yp—o increases very slowly with field,
a behavior typical of s-wave superconductivity (Shakeripour et al.,
2010). This is in agreement with results of the penetration depth
obtained from muon-spin-resonance experiments, where a
nearly-full-gap temperature dependence was observed (Khim,
2022). Around H*, a stronger increase occurs, followed by
another region with weak, almost linear field dependence. The
overall behavior for data points at 50 mK and in the zero-T limit
is similar, with a slightly steeper increase for T — 0 around H*.
The field dependence of x roughly follows the one of y with a
small slope at low H and a larger one around H* when going
from SC1 to SC2. Measurements at higher fields and lower T are
required to confirm that this change in slope is really due to the
transition between the two superconducting phases.

4 SUMMARY AND CONCLUSION

In this manuscript we have presented the thermal conductivity
and electrical resistivity of single-crystalline CeRh,As,
between 60 mK and 200 K. The high-temperature behavior
is typical for a Ce-based Kondo-lattice system with the thermal
conductivity dominated by phonons and the electrical
resistivity governed by Kondo scattering and crystal-
electric-field excitations. By contrast, the temperature
dependence between 60 mK and 1.2 K of both quantities
does not follow the expected behavior for a Fermi liquid.
Within the uncertainties of our data and analysis, the data
fulfill the Wiedemann-Franz law in the T = 0 limit. No sharp
anomalies are detected by the thermal conductivity at the
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