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Decoupling multiphase superconductivity from normal state ordering in CeRh2As2
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CeRh2As2 is a multiphase superconductor with Tc = 0.26 K. The two superconducting (SC) phases, SC1 and
SC2, observed for a magnetic field H parallel to the c axis of the tetragonal unit cell, have been interpreted as
even- and odd-parity SC states, separated by a phase boundary at μ0H∗ = 4 T. Such parity switching is possible
due to a strong Rashba spin-orbit coupling at the Ce sites located in locally noncentrosymmetric environments
of the globally centrosymmetric lattice. The existence of another ordered state (phase I) below a temperature
T0 ≈ 0.4 K suggests an alternative interpretation of the H∗ transition: It separates a mixed SC+I (SC1) and a
pure SC (SC2) state. Here, we present a detailed study of higher-quality single crystals of CeRh2As2, showing
much sharper signatures at Tc = 0.31 K and T0 = 0.48 K. We refine the T -H phase diagram of CeRh2As2 and
demonstrate that T0(H ) and Tc(H ) lines meet at μ0H ≈ 6 T, well above H∗, implying no influence of phase
I on the SC phase switching. A basic analysis with the Ginzburg-Landau theory indicates a weak competition
between the two orders.
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CeRh2As2 is a newly discovered heavy-fermion supercon-
ductor with remarkable properties. At temperatures below
Tc = 0.26 K, the material shows an exceptionally rare multi-
phase superconductivity [1]. Apart from UPt3 [2–4] and UTe2

[5–8], virtually all other unconventional superconductors host
only one superconducting (SC) state. Above Tc, the compound
shows a non-Fermi-liquid temperature dependence of specific
heat, C/T ∝ T −0.6, and electrical resistivity, ρ(T ) ∝ √

T ,
suggesting proximity to a quantum critical point (QCP) of un-
known nature [1] or influence of two-channel Kondo physics
[9]. Below the temperature of T0 ≈ 0.4 K, the material also
hosts a peculiar state, phase I, proposed to be a unique case of
a quadrupole-density-wave (QDW) order [10], contrasting all
known multipolar orders observed in Ce-based systems which
are typically of local origin [11,12]. Moreover, very recent nu-
clear quadrupolar and magnetic resonance experiments report
broadening of the As lines below TN < Tc at one of the two As
sites, indicating the presence of internal fields, likely due to an
antiferromagnetic (AFM) order in one of the two SC phases
[13,14].

In fact, CeRh2As2 shows a single SC phase when mag-
netic field is applied along the basal plane of the tetragonal
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crystalline structure, but two SC phases, SC1 and SC2, for
a field H parallel to the c axis (the relevant field direction
for the rest of this Letter). These phases are separated by a
boundary at μ0H∗ = 4 T, as shown in Fig. 1. The anisotropic
field response of the superconductivity, as well as the presence
of two SC phases in CeRh2As2 can be attributed to a strong
Rashba spin-orbit coupling due to the locally noncentrosym-
metric environments of Ce sites and quasi-two-dimensional
character of the Fermi surface (FS) [1,10,16]. The existing
model is based on a scenario proposed ten years ago for lay-
ered structures comprising loosely coupled superconducting
layers with alternating sign of the Rashba spin-orbit coupling.
Such systems were predicted to exhibit a SC phase diagram
very similar to that observed in CeRh2As2 [16–23], with the
SC1-SC2 transition being a first-order phase transition be-
tween even- and odd-parity SC order parameters [1]. In the
case of CeRh2As2, such an interpretation is also corroborated
by the angle dependence of the SC upper critical field [15].

Besides the parity switching, there currently exist two al-
ternative explanations for the multiphase superconductivity
in CeRh2As2: (1) a field-induced magnetic transition within
the SC state [24], in line with a recent NMR study [14], and
loosely reminiscent of the case of high-pressure CeSb2 [25],
and (2) a transition between a mixed SC+I state (SC1) and a
pure SC state (SC2). As illustrated in Fig. 1, the T0(H ) line
curves towards lower temperature with increasing field and
seems to vanish near the Tc(H∗) critical point [1,15,26]. If
the second scenario is valid, all four phase boundaries should
meet at a single multicritical point. This can be verified by
refining the phase diagram of CeRh2As2. The topology of the
phase diagram close to the Tc(H∗) point also has important
thermodynamic implications. If the T0(H ) and Tc(H ) lines
meet at H > H∗, the SC1-SC2 boundary must be of first order
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FIG. 1. Temperature–c-axis magnetic field (T -H ) phase diagram
of CeRh2As2 according to magnetic and thermodynamic bulk probes.
All measurements were conducted before this work, on the same
batch of crystals (published in Refs. [1,15], except the thermal expan-
sion). The dashed lines highlight the ambiguity of the phase diagram:
The phase-I transition line may meet the superconducting region
either at the multicritical point at μ0H∗ = 4 T, or at some higher
field.

[27], and the two SC states must have distinct symmetries.
These reasonings would hold regardless of the microscopic
nature of phase I.

In our experiments so far, insufficient sample homogene-
ity and broadening of features in magnetic field prevented
us from reliably tracking the phase-I boundary close to the
multicritical point. Progress on this front therefore demands
samples of higher quality.

Here, we report a detailed study of specific heat and elec-
trical resistivity of higher-quality single crystals of CeRh2As2

with Tc = 0.31 K and T0 = 0.48 K, which exhibit much
clearer signatures of the phase transitions. We refine the T -H
phase diagram of CeRh2As2 and demonstrate that the phase-I
boundary meets the SC state at around 6 T—a significantly
larger field than H∗—thus decoupling the SC1-SC2 switching
and the presence of phase I. We do not observe any signatures
of T0 above 6 T within the SC2 phase, yet the sudden disap-
pearance of the phase I at the SC2 phase boundary would go
against thermodynamic principles. We also do not detect any
signatures of magnetic transition within the SC states.

A significant improvement of the sample quality is il-
lustrated in Fig. 2, where thermodynamic and transport
signatures of T0 and Tc are compared for the samples of
CeRh2As2 used in Refs. [1,10,15,29] (old batch) and the new
generation of samples studied in this Letter [referred to as
the new batch, whose synthesis is outlined in the Supplemen-
tal Material (SM) [28]]. One can identify two specific heat
[C(T )] anomalies—the larger jump due to the SC transition
and the smaller phase-I anomaly—both of which appear as
typical second-order phase transitions, affected by broaden-
ing. Samples of the new batch show a higher bulk Tc (0.31 K
against 0.26 K) with a much sharper peak in specific heat,
indicating a substantially improved homogeneity of crystals.
The height of the jump at Tc is �C/C|Tc ≈ 1.3, whereas
the value of 1 was reported for the old samples [1]. The
Sommerfeld coefficient γ = C/T for T → 0 decreases to
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FIG. 2. Specific heat C(T )/T and resistivity ρ(T ) of CeRh2As2

as functions of temperature T showing signatures of the supercon-
ductivity and phase I (Tc and T0, respectively) for two different
generations of samples (“old batch” denotes the samples used in
Refs. [1,10,15], while samples from the “new batch” were used in
this work). The dashed black lines extrapolate sections of C(T )/T for
emphasizing the phase-I transition. The nuclear specific heat contri-
bution Cn(T ) due to As atoms was subtracted (see the Supplemental
Material [28]). Resistivity of the old batch sample is scaled by a
factor of 0.6.

0.7 J K−2 mol−1 in the new sample, which is a 40% reduction
compared to the previous value of about 1.2 J K−2 mol−1

[1], signifying a particularly strong sensitivity of supercon-
ductivity to disorder. The phase-I transition is likewise more
pronounced, with its onset and termination clearly visible as
changes in the slope of C(T )/T . The strong increase of T0

from 0.4 to 0.48 K with increasing sample quality is consistent
with an itinerant nature of a sign changing order in k space
such as the proposed QDW.

Measurements of electrical resistivity [ρ(T )] reveal a vis-
ibly higher Tc compared to the bulk value, reflecting the
inhomogeneity of samples, also seen in other heavy-fermion
systems [30]. The discrepancy is reduced for the new batch,
as the resistive Tc of 0.38 K is effectively the same as for the
old batch [1,10]. More importantly, the higher T0 in the new
batch makes the corresponding transport signature (resistiv-
ity upturn) much more apparent. Measurements of ρ(T ) can
therefore be used for tracing the boundary of phase I, which
was rather challenging previously, as the transition at T0 got
rapidly obscured by the resistivity drop at Tc upon applying
field. The residual resistivity ratio (RRR) increases from ∼1.3
in the old batch to ∼2.8 in the new batch.

The low-temperature specific heat of CeRh2As2 at different
fields is shown in Fig. 3 (see the SM for an extended data set
[28]). Besides the pronounced peaks at Tc and T0, there are
no visible signatures of other phase transitions. Therefore, the
existence of the AFM order inside the SC phase [13] would
imply that Tc = TN. Both Tc and T0 anomalies shift to lower
temperatures upon applying magnetic field, with the T0 signa-
ture no longer apparent above 5 T. We used the equal-entropy
construction for rigorously defining Tc and T0 (detailed in the
SM [28]).
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FIG. 3. Electronic specific heat C − Cn of CeRh2As2 (new batch)
against temperature T , measured at different c-axis magnetic fields.
The dashed-dotted line marks the envelope curve of C − Cn between
the onset of superconductivity and the termination of the phase-I
transition. Inset: Disappearance of the phase-I transition signature
in specific heat. The extrapolated unordered state specific heat was
subtracted to emphasize the anomalies. For 5 T, a plateau between
0.25 and 0.28 K indicates that the phase-I transition is complete
before the superconductivity sets in, and the critical temperature T0

can be determined via the shown equal-entropy construction.

The specific heat jump height at Tc exhibits a sharp increase
as a function of field in a small interval around 4 T because
of the kink in the SC phase boundary line at the multicritical
point at H∗ (as discussed in Ref. [1] and demonstrated in the
SM [28]). It is also instructive to look at the evolution of spe-
cific heat for 5 T � μ0H � 7 T, shown in the inset of Fig. 3.
In this field range, Tc is nearly constant. The phase-I transition
is complete before the onset of superconductivity at 5 T, is
interrupted at 6 T, and fully vanishes at 7 T. At the same time,
the peak value of specific heat at Tc remains constant with
respect to the unordered state (T > T0). The disappearance of
the T0 signature between 5 and 6 T is accompanied by a slight
increase of specific heat below Tc.

We also investigated the behavior of phase I and supercon-
ductivity in the field by measuring the electrical resistivity for
current parallel to the basal plane of the CeRh2As2 lattice.
The resultant data for selected values of H are shown in Fig. 4
(the extended data set is available in the SM [28]). The phase-I
transition is identifiable as a pronounced upturn in ρ(T ) below
∼0.6 K. In zero field, upon subsequent cooling, the upturn
is followed by a downturn and the eventual SC transition.
We defined T0 as the point of maximum curvature of ρ(T )
(red dot in the Fig. 4 inset; see the SM [28] for details on
determining T0). The resultant boundary of phase I decently
reproduces that obtained from specific heat measurements, as
will be shown next.
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FIG. 4. Electrical resistance R against temperature T for
CeRh2As2 samples of the new batch, normalized to the resistance at
1 K, for different c-axis magnetic fields. The inset displays zero-field
resistivity ρ(T ) at the phase-I transition. The critical temperature T0

was defined as the point of largest curvature (red dot).

We now discuss the T -H phase diagram of CeRh2As2

shown in Fig. 5. It summarizes the results of our specific heat
and resistivity measurements conducted on samples from the
new batch. The general shape of all phases—phase I, SC1, and
SC2—is consistent with the previously published data [1,26].
While the transition temperatures are higher compared to the
earlier generations of samples, the critical field μ0H∗ between

FIG. 5. Temperature–c-axis magnetic field (T -H ) phase diagram
of CeRh2As2 depicting the two superconducting (SC) states SC1
and SC2 and the ordered phase I. The SC and phase-I transition
temperatures (Tc and T0, respectively) come from measurements of
specific heat C(T ) and electrical resistivity ρ(T ) conducted on sam-
ples from the new batch. The SC1-SC2 phase boundary, terminating
in a bicritical point b, is plotted according to earlier ac magnetic sus-
ceptibility χ (H ) data [1]. The solid black lines are guides for the eye.
The dashed line marks a segment of a so far undetected hypothetical
phase boundary expected from thermodynamic considerations, while
t marks the corresponding tetracritical point.
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SC1 and SC2 remains unchanged at 4 T. The zero-temperature
limit of the SC upper critical field extrapolates to roughly
15 and 18 T for specific heat and resistivity, respectively. We
can clearly identify T0 at fields as high as 5 T, which was
not possible in previous studies. The T0(H ) line intercepts the
SC2 phase boundary at approximately 6 T. Consequently, we
can definitively conclude that the boundary of phase I does
not meet the multicritical point at μ0H∗ = 4 T and is not
responsible for the associated phase transition.

According to thermodynamic considerations [27], it is not
possible to have a multicritical point at some field Hc, such
that two second-order phase boundaries come out of it for
H < Hc and one phase boundary (first or second order) comes
out for H > Hc (holds true if the inequalities are swapped).
Therefore, the point where the SC1 and SC2 phase boundaries
meet is a bicritical one (labeled with the letter b in Fig. 5), and
the SC1-SC2 transition must be of the first order. Applied to
the crossing of the Tc(H ) and T0(H ) lines at 6 T, this constraint
requires that the boundary of phase I continues inside the SC2
state, resulting in a tetracritical point (indicated by the letter t
in Fig. 5). That said, we do not observe any signature of the
phase I within the SC2 phase (cf. the 7-T curve in the inset of
Fig. 3). Given the steep slope of the T0(H ) line near 6 T, it is
quite possible that the transition evaded detection due to being
too broad or the field sampling period of 1 T being too large.

We analyzed the experimental phase diagram using the
Ginzburg-Landau (GL) theory of coupled order parameters
[31], as done, e.g., for iron pnictide superconductors in
Ref. [32]. The coupling term in the free energy between the
SC2 and phase-I order parameters, � and Q respectively, is
given by λ�2Q2, where λ indicates the strength of the cou-
pling as well as its nature, λ > 0 for competing and λ < 0 for
supporting coupling. We reproduced our experimental phase
diagram by using the values of the transition temperatures,
the slopes of the phase boundary lines, and the jumps of
the specific heat coefficients at the transition temperatures,
�C(T0)/T0 and �C(Tc)/Tc, which are directly related to the
condensation energies and to the changes in the slopes of the
T0(H ) and Tc(H ) lines at t . A detailed analysis is provided in
the SM [28]; here, we summarize the main findings: (i) The
absence of a pronounced kink in the Tc(H ) line at t implies
that the coupling is not strong. (ii) The supporting coupling is
unlikely, since it flattens the T0(H ) line below t [Fig. S9(d)],
and we should have then observed a double feature in C(T )/T
at 7 T. (iii) In case of a weak competition, the slope change
across t would be about two orders of magnitude larger for
the T0(H ) line than for the Tc(H ) line [Fig. S9(a)]. This is
due to the fact that the changes of the slopes at t are related
to �C(T0)/T0 and �C(Tc)/Tc evaluated at t , and in our case
�C(T0)/T0 ≈ 1

10�C(Tc)/Tc. For example, for λ equal to 20%
of the value necessary to induce a first-order transition, the
critical field of the phase I at T = 0 would go down by about
0.4 T compared to the case of no coupling, resulting in no
phase-I-related feature observable in specific heat at 7 T. At

the same time, Tc should slightly increase between the b and
t points. Below the line joining b and t , the two states would
then homogeneously coexist [32]. We indeed observe a slight
change in the slope of Tc at t (see Fig. S10), consistent with
the weak-coupling scenario, but extraction of quantitative in-
formation is hindered by the insufficient resolution of our data.

Whereas in iron pnictides both superconductivity and mag-
netism originate from the same FS sheet, the situation in
CeRh2As2 is more complex due to the presence of two rel-
evant sheets. The most reliable renormalized band structure
calculations so far [10] predict a quasi-three-dimensional
strongly corrugated cylinder (3D sheet) along the �-Z direc-
tion of the Brillouin zone (BZ) and quasi-two-dimensional
corrugated cylinders (2D sheet) along axes parallel to the A-M
direction. Within the parity change picture of the SC1-SC2
transition, the SC pairing is mainly driven by the electrons of
the 2D sheet, located at the edges of the BZ, where the spin-
orbit coupling dominates over the interlayer hopping [16]. A
recent study [26] demonstrated that the upturn of ρ(T ) at T0 is
stronger when the current flows along the c axis as opposed
to the ab plane. Within the QDW scenario, the associated
FS nesting vector must therefore have a sizable out-of-plane
component, and the states involved in the QDW instability are
expected to belong to the 3D sheet of the FS. The attribution
of the two orders to the different FS sheets disfavors a strong
coupling between the QDW and superconductivity, and one
would then expect the T0(H ) line to continue into the SC2
phase practically undisturbed.

To conclude, using higher-quality crystals we refined the
T -H phase diagram of CeRh2As2 for field parallel to the
c axis, and showed that the phase-I boundary unambigu-
ously does not meet the bicritical point between the two SC
phases and is therefore not responsible for the SC1-SC2 tran-
sition. The T0(H ) line intercepts the SC2 phase boundary at a
tetracritical point near 6 T. Our analysis of the phase bound-
aries near the tetracritical point suggests a weak competing
interaction between the SC and phase-I order parameters.
These conclusions leave us with two viable explanations for
the origin of the SC1-SC2 transition: the even-to-odd par-
ity switching [1,15] or a change in magnetic ordering [24].
Our results prompt a further study of the 6 T tetracritical
point, from which an additional phase boundary is expected
to emerge.
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