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Recently, a superconducting (SC) transition from low-field (LF) to high-field (HF) SC states was
reported in CeRh,As,, indicating the existence of multiple SC states. It has been theoretically noted that the
existence of two Ce sites in the unit cell, the so-called sublattice degrees of freedom owing to the local
inversion symmetry breaking at the Ce sites, can lead to the appearance of multiple SC phases even under
an interaction inducing spin-singlet superconductivity. CeRh,As, is considered as the first example of
multiple SC phases owing to this sublattice degree of freedom. However, microscopic information about
the SC states has not yet been reported. In this study, we measured the SC spin susceptibility at two
crystallographically inequivalent As sites using nuclear magnetic resonance for various magnetic fields.
Our experimental results strongly indicate a spin-singlet state in both SC phases. In addition, the
antiferromagnetic phase, which appears within the SC phase, only coexists with the LF SC phase; there is
no sign of magnetic ordering in the HF SC phase. The present Letter reveals unique SC properties
originating from the locally noncentrosymmetric characteristics.
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In conventional superconductors, a superconducting (SC)
order parameter can be classified as the multiplication of spin
and orbital states, that is, even-parity spin-singlet and odd-
parity spin-triplet states. One possible expansion of the
framework in SC symmetry is to introduce additional
degrees of freedom, such as frequency and atomic orbital
state [1,2]. As shown in Fig. 1(a), in a two-dimensional
system with locally broken inversion symmetry (centrosym-
metric, but no inversion center at the SC layers), there are
sublattice degrees of freedom owing to the inversion
symmetry operation between the two layers. In such
systems, a parity transition from a low-field (LF) even-parity
SC state to a high-field (HF) odd-parity pair-density-wave

(PDW) SC state (the SC phase is inverted layer by layer)
[Fig. 1(b)] is theoretically proposed, even when only a
pairing interaction in the spin-singlet channel exists [3]. The
PDW state coexisting with the charge-density-wave state
has been discussed in high-SC transition temperature
Tsc cuprates [4] and kagome superconductors [5]; however,
the PDW phase originating from crystal symmetry is
quite rare.

CeRh,As,, where the local inversion symmetry is
broken at the Ce sites, is a recently discovered super-
conductor with Tgc ~0.3 K [6]. In CeRh,As,, a SC
transition from the SC1 to SC2 phase occurring at approxi-
mately 4 T was reported for H|lc. This is the first
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FIG. 1.

Schematics of a PDW state in a two-dimensional system with locally broken inversion symmetry. (a) Schematic image of

crystal structure. The unit cell contains two kinds of superconducting layers. The position of the inversion center is indicated by the
arrows. (b) Theoretically predicted H-T phase diagram. The position dependence of superconducting order parameters in each
superconducting phase is shown by the schematic images. (c) Crystal structure of CeRh,As,.
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experimental indication of the SC parity transition origi-
nating from the sublattice degrees of freedom and has
promoted many theoretical studies [7—13]. However, to
date, there have been few experimental investigations on
the SC properties [14—-16]. Therefore, further experimental
confirmation is required.

The crystal structure of CeRh,As, is of the tetragonal
CaBe,Ge, type with space group P4/nmm (No. 129, D},)
[17]. There are two crystallographically inequivalent As
and Rh sites. As(1) [Rh(1)] is tetrahedrally coordinated by
Rh(2) [As(2)], as shown in Fig. 1(c). Heavy-fermion
superconductivity is characterized by a broad maximum
in resistivity at 7', ~ 40 K and a large specific heat jump
at T'sc [6]. In addition to the multiple SC phases, CeRh,As,
exhibits nonmagnetic and magnetic phase transitions just
above and below Tg¢, respectively [6,14]. The specific heat
shows a large anomaly at 7'gc and a rather weak anomaly at
Ty~ 0.4 K. The anomaly at T is considered as a phase
transition to an electric quadrupole density-wave state [18].
Moreover, nuclear quadrupole resonance (NQR) measure-
ments revealed an antiferromagnetic (AFM) order inside
the SC phase [14]. Hence, CeRh,As, is a promising system
for studying the role of sublattice degrees of freedom for
unconventional nonmagnetic, AFM, and SC states, as well
as their interactions.

Nuclear magnetic resonance (NMR) can measure spin
susceptibility in the SC state, whereas bulk magnetic
susceptibility is dominated by a SC diamagnetic shielding
effect. In addition, NMR is sensitive to the appearance of
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internal magnetic fields at observed nuclear sites. There-
fore, NMR is one of the most powerful techniques for
studying SC and magnetic properties. Furthermore, NMR
is also useful for detecting spatially modulated SC states,
such as the Fulde-Ferrell-Larkin-Ovchinnikov and PDW
phases, because NMR measures the local spin susceptibil-
ity at the nuclear positions [19].

In this Letter, we report the As-NMR results for
CeRh,As,. Up to 5 T, the spin susceptibility decreased in
the SC state, indicating spin-singlet superconductivity in
both the SC1 and SC2 phases. The decrease in the Knight
shiftin the SC1 phase was in good agreement with the critical
field of the SC1-SC2 transition. In contrast, the decrease in
the Knight shift in the SC2 phase is seemingly inconsistent
with the large H .,, suggesting the spatial modulation of the
SC spin susceptibility. This is the first microscopic informa-
tion on the unique SC states in CeRh,As,.

Single crystals of CeRh, As, were grown using the bismuth
flux method [6]. The magnetic field dependence of T'gc- and
the temperature dependence of the critical field of the
SC1-SC2 transition were determined from the ac suscep-
tibility measurements using a NMR coil as shown in the
Supplemental Material [20]. The details in NMR measure-
ments are also described in the Supplemental Material [20].
We experimentally confirmed the superconductivity imme-
diately after the NMR pulses using a technique reported in a
previous study [21,22]. Reflecting two crystallographically
inequivalent As sites, two NMR peaks were observed in all
measurement ranges, as shown in Figs. 2(a) and 2(e). The site
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FIG. 2. NMR measurements in CeRh,As,. (a) NMR spectra at 1.2 T for H||c measured at various temperatures. The dashed curves
indicate the results of a two-peak fitting. (b) Temperature dependence of full width at half maximum (FWHM), (c) Knight shift at the
As(1) site K251 and As(2) site K25, determined by NMR spectrum at 1.2 T. T'sc and T are indicated by the dashed lines. The dashed
curves are guides for the eye. (d) Temperature dependence of ac magnetic susceptibility at 1.2 T for H||c. (¢) NMR spectra at 4.5 T for
H||c measured at various temperatures. (f) Temperature dependence of FWHM, (g) Knight shift, (h) and ac magnetic susceptibility at

4.5 T for H||c.
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Magnetic field variation of the magnetic properties in CeRh,As,. The c-axis magnetic field dependence of FWHM at

() 0.06 K and (b) AK = K(0.06 K)-K (0.6 K). The dashed curve indicates the contribution of SC diamagnetism K g,. The dashed lines
are guides for the eye. (c) The H-T phase diagram in the present sample of CeRh,As, determined from the NMR and ac mag-
netic susceptibility measurements. Circles denote T'sc determined by the onset temperature of the SC diamagnetic signal from ac
magnetic susceptibility. Crosses denote the critical magnetic field of the SC1-SC2 transition determined by the anomaly of ac magnetic
susceptibility. Diamonds indicate 7 determined by the increase in NMR linewidth. Inset: schematic image of the distribution of spin

susceptibility and SC gap.

assignment of two NMR peaks has been described in a
previous paper [23]. The reason why the NMR spectrum of
the As(1) site is broad at 4.5 T is a slight misalignment of the
magnetic field direction from the ¢ axis (< 2° in this
experiment).

First, we show the temperature evolution of the NMR
spectrum for each SC phase. As shown in Fig. 2(a), at 1.2 T
(low-field SC1 phase), two sharp peaks were observed
above Tgc ~0.35 K. Below Tgc, the NMR spectrum
broadens, owing to the SC diamagnetic field, and signifi-
cant site-dependent broadening is observed below 0.25 K.
The site-dependent broadening was also observed at zero
field (NQR measurements) [14], which was attributed to
the AFM order. The internal field at the As(2) site is
estimated to be ~20 mT. In contrast, at 4.5 T in the SC2
phase, the NMR lines broaden just below T'gc for both sites,
as in the SCI1 phase, but there is no additional site-
dependent broadening at lower temperatures, down to
0.06 K. This indicates the absence of AFM ordering below
Tsc in the SC2 phase. To investigate the spin susceptibility
at the two As sites, NMR Knight shifts are determined by
two-peak Gaussian fitting. The Knight shifts for the As(1)
and As(2) sites are denoted by K25(1) and KA5?), respec-
tively. KA5(1) decreases below T'sc in both SC phases. In the
SC2 phase, K**(?) also decreases, while in the SC1 phase
K is not measurable owing to the extremely broad
spectrum below the AFM transition temperature 7y .

To clarify the magnetic field evolution of the spin
susceptibility and the AFM order, the magnetic field depend-
ence of the FWHM at the lowest temperature (0.06 K)
and AK = K(0.06 K)-K(0.6 K) are shown in Figs. 3(a)
and 3(b), respectively. In the SC1 phase, the linewidth of the
As(2) site decreases as the magnetic field increases, but
remains significantly broader than that of As(1) until 3.5 T.
Between 3.5 and 4 T, the width of the As(2) lines drops to
values only slightly higher than that of As(1). In contrast, in
the SC2 phase, the linewidth of the As(2) site is almost the
same as that of the As(1) site. The absence of an internal field
at the As(2) site indicates that the AFM phase only coexists
with the SC1 phase, not with the SC2 phase. In contrast to the
magnetic field dependence of the linewidth, |AK| at both As
sites does not show any anomaly at the phase boundary and
gradually decreases as the magnetic field increases, upto 5 T.
The magnetic field dependence of |AK*5(1)| can be extrapo-
lated to zero at 14 T (H ., ), suggesting that the magnetic field
dependence of |AK| originates from the field-induced
quasiparticle density of states (Volovik effect). |AKAS()|
is smaller than |AK*5()| owing to the difference of the
hyperfine coupling constant Ay [23].

From the ac magnetic susceptibility and NMR measure-
ments, we constructed the H-T phase diagram in the pre-
sent sample of CeRh,As,, as shown in Fig. 3(c). The
previously reported peculiar shape of T'sc and the SC1-
SC2 transition were reproduced by our measurements,
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whereas Tgc = 0.37 K was higher than that of the previous
samples [6,16]. This is due to the differences in sample
quality and experimental methods. Our NMR results
indicate that the AFM phase disappears in the SC2 phase,
which is strong evidence of the presence of the SC1-SC2
transition and the different SC properties between the two
phases. Furthermore, the smooth connection of the Knight
shift between two SC states indicates that the SC2 state is a
nonpolarized one. This is in complete contrast to the usual
field-induced destruction of an AFM state resulting in a
polarized ferromagneticlike state. Therefore, the observed
field-induced transition from an AFM state to a state with
no sizable polarization at high field is a highly unusual one,
indicating that this AFM state is strongly linked to the
SCI state.

The SC spin state can be deduced from the temperature
variation in the NMR Knight shift. In a conventional spin-
singlet superconductor, the spin component of the Knight
shift decreases in the SC state and becomes almost zero at
T — 0 K. However, when the SC spins of spin-triplet
superconductors are aligned along the magnetic field, the
spin component of the Knight shift does not change across
Tsc. As the Knight shift includes various contributions,
such as the temperature-independent orbital component
arising from the Van Vleck susceptibility and SC diamag-
netic effect, the absolute amount of the spin component of
the Knight shift must be evaluated. K at the lowest
temperature can be divided into the following three con-
tributions:

K = Kormal + 5Kspin + Kia (1)

where K\,mg 18 the normal-state Knight shift, 6K g, is the
change in a spin component of the Knight shift in the
SC state, and K ;, is the SC diamagnetic component. In the
SC state, the Knight shift decreases owing to the SC
diamagnetic shielding effect, and the value of K 4, at 0 K is
approximately expressed as [24]

~H, () o)
g Ink

Here, H,; is the SC lower critical field, ¢ is the Ginzburg-
Landau (GL) coherence length, and /# is a factor that depends
on the vortex structure and is 0.38 for the triangular vortex
lattice. 1, is the distance between the vortices and is
calculated using the relation ¢y = (v/3/2)22(ugHey), € is
Euler’s number, and « is the GL parameter. From the SC
upper critical field ugH,, = 14 T and thermodynamic
critical field poH, =31 mT [6], poH. = 0.40 mT,
£ =4.85 nm, and « = 319 were obtained. As shown in
Fig. 3(b), the magnetic field dependence of K ;, is negligibly
small compared to the experimental 6K. In addition, the
temperature dependence of K ,,ma Shows almost constant at
low temperatures [23], as shown in Figs. 2(c) and 2(g).

Therefore, AK was dominated by 6K, As shown in
Figs. 2(c) and 2(g), a clear decrease in K was observed in the
SC state, indicating the realization of spin-singlet super-
conductivity in both the SC1 and SC2 phases.

The spin-singlet superconductivity in the SC1 phase can
also be confirmed by the quantitative agreement between H .,
and the Pauli limiting field H p estimated from the reduction
in the Knight shift. In strongly correlated electron systems,
spin-singlet superconductivity is destroyed when the
Zeeman-splitting energy is as high as the SC condensation
energy, called the Pauli limiting effect. It is well known that in
a spin-singlet superconductor, a relation holds between H p
and the decrease in the spin susceptibility dy ascribed to
singlet-pair formation. This is expressed as

1 1
55){M0HP(0)2 = S poH:. (3)

2
This equation yields poH p(0) = poH./+/|5x|, where 8y can
be determined from AK as §y = (ugN4/Aps) AK. Inthe SC1
phase, AK at the As(1) site is approximately —0.2%; thus,
uoH p(0) is estimated to be 3.4 Twith yyH, = 31 mT and the

hyperfine coupling constant Aﬁfs(l) = 1.55 T/up [23]. The
estimated uoH p(0) agrees with the SC1-SC2 transition field
(~4 T), indicating that the SC1 phase exhibits homogeneous
spin-singlet superconductivity. Such a correspondence
between the critical field and AK is observed in various
spin-singlet heavy-fermion superconductors [25-28].

In contrast, AK in the SC2 phase is unusual. K in the
SC?2 phase also clearly decreases, and poH p(0) is estimated
to be 4.8 T from AK”3(1) = —0.1%, which is much smaller
than pyH ., (0) = 14 T. Here, we assume the same H,. as in
the SC1 state. If we consider that Hp(0) increases owing to
an increase in H,. in the SC2 phase, the H,. should be
increased by a factor of 3, which is an unrealistic value in
this case. It is noteworthy that AK*?) = —0.05% and
AN = 027 T/ also lead to a small Pauli limiting field,
uoHp(0) = 2.8 T. There are several superconductors with-
out the Pauli limiting effect owing to the absence of the spin
susceptibility reduction [29-31], but the case where the
Pauli limiting effect does not work despite a decrease in the
spin susceptibility is quite rare. The discrepancy between
the decrease in the spin susceptibility and the absence of the
Pauli limiting field can be reconciled by the presence of a
spatially inhomogeneous SC state.

Recently, SC states realized in the presence of sublattice
degrees of freedom have been intensively studied, and spin
susceptibility has been calculated in various SC states [32].
The average spin susceptibility in the PDW state is
suggested to be the same as that in the normal state.
The present Knight-shift results are inconsistent with
these theoretical suggestions. To interpret this discrepancy,
we propose a position-dependent modulation of spin
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susceptibility in the PDW state. In this SC state, the SC
order parameter oscillates along the ¢ axis with a period
corresponding to the ¢ lattice parameter; thus, the spin
susceptibility also oscillates with the same periodicity. The
NMR Knight shift probes the local spin susceptibility at the
observed nuclear site. Therefore, the present results imply
that the block layers become the “spin-singlet” dominant
SC state and the spin susceptibility at the block layers
decreases in the SC2 states, as shown in the inset of
Fig. 3(c). In contrast, a sizable Rashba effect at the Ce site
would lead to locally spin-polarized bands. The Pauli
susceptibility would then transform into a Van Vleck
susceptibility, which is insensitive to superconductivity
[32,33]. As a result, the spin susceptibility in the SC state
at the Ce sites would be of similar size as that in the
normal state.

In CeRh,As,, the SC properties are determined by the Ce
layer, resulting in the spin susceptibility of the Ce layers
being crucially modified by the SC character. We suggest
the possibility that the spin susceptibility at the Ce layers
largely changes between the LF and HF SC states; that is,
the spin susceptibility at the Ce site decreases in the SCI
state but remains unchanged in the SC2 state, although the
spin susceptibility at the block layers does not change
significantly. This might explain the large difference in the
Pauli limiting field between the two phases. However,
because all NMR-active Ce isotopes are unstable, meas-
uring the spin susceptibility at the Ce site is impossible.
Thus, we need to seek other methods to determine the
spatial modulation of the spin susceptibility in CeRh,As,.
In addition, theoretical studies on spin susceptibility
modulation in the PDW state are required.

In conclusion, we measured the SC spin susceptibility in
the LF and HF SC states. The spin susceptibility decreases
in both SC states, indicating a spin-singlet state. The
discrepancy between the decrease in the spin susceptibility
and the absence of the Pauli limit might be explained by the
spatially modulated spin susceptibility in the SC2 state. In
addition, NMR measurements revealed that the AFM phase
only coexists with the LF SC phase, indicating a strong link
to the SC1 state. Our findings help to understand the unique
multi-SC state in CeRh,As,.
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