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Spatial inversion symmetry in crystal structures is closely related to the superconducting (SC) and
magnetic properties of materials. Recently, several theoretical proposals that predict various interesting
phenomena caused by the breaking of the local inversion symmetry have been presented. However,
experimental validation has not yet progressed owing to the lack of model materials. Here we present
evidence for antiferromagnetic (AFM) order in CeRh2As2 (SC transition temperature TSC ∼ 0.37 K),
wherein the Ce site breaks the local inversion symmetry. The evidence is based on the observation of
different extents of broadening of the nuclear quadrupole resonance spectrum at two crystallographically
inequivalent As sites. This AFM ordering breaks the inversion symmetry of this system, resulting in the
activation of an odd-parity magnetic multipole. Moreover, the onset of antiferromagnetism TN within an
SC phase, with TN < TSC, is quite unusual in systems wherein superconductivity coexists or competes with
magnetism. Our observations show that CeRh2As2 is a promising system to study how the absence of local
inversion symmetry induces or influences unconventional magnetic and SC states, as well as their
interaction.
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In most superconductors, the inversion symmetry of
crystal structure (global inversion symmetry) is preserved.
Hence, superconducting (SC) symmetry can be classified
into even-parity spin-singlet state or odd-parity spin-triplet
state. However, such a parity classification no longer holds
in superconductors without global inversion symmetry (no
inversion center in the crystal structure); instead, parity-
mixed SC states are realized [1]. In such a state, the spin-
triplet component is induced by the spin-orbit interaction,
and fascinating phenomena are predicted, such as existence
of a considerably large upper critical magnetic field Hc2

due to the absence of Pauli-limiting effect [2,3]. In fact, a
large Hc2 for a magnetic field parallel to the inversion
breaking direction (c axis) was observed in heavy-fermion
(HF) superconductors CePt3Si and CeMSi3 (M ¼ Rh and
Ir) without global inversion symmetry [4–6]. In contrast,
for superconductors with local inversion breaking but
preserved global inversion symmetry (no inversion center
at particular atoms), recent theoretical studies have revealed
that the odd-parity SC states such as the pair density wave
state can be stabilized under magnetic fields even if only a
pairing interaction in the spin-singlet channel exists [7].
In addition, if magnetic moments are aligned antiferro-

magnetically between sublattices at magnetic sites without
local inversion symmetry, the system’s magnetic ordering
state can be regarded as an odd-parity multipole order, in
which magnetic and electric degrees of freedom are

entangled [8]. In such a case, nonreciprocal conductivity
and the magnetoelectric effect are expected and have been
intensively studied from experimental and theoretical
perspectives [8–11,38].
The spatial inversion symmetry of crystal structures

seems to be also important for the relationship between
SC and magnetic phases. In many Ce-based HF and Fe-
based superconductors with global inversion symmetry,
superconductivity and antiferromagnetism coexist in a
narrow region near the antiferromagnetic (AFM) quantum
critical point, according to the phase diagram, as a function
of tuning parameters [12,13]. In addition, in most presently
known systems wherein superconductivity coexists or
competes with magnetism, coexistence has only been
observed for TN > TSC, there is no observation of the onset
of antiferromagnetism within an SC phase, even in those
cases where antiferromagnetism reappears once the SC
states are suppressed by amagnetic field [14,15]. In contrast,
in systems without global inversion symmetry, the coexist-
ence region seems to be wider [16,17]. However, there is no
report on the onset of antiferromagnetism within an SC
phase even in this system [17]. For systems without local
inversion symmetry, no works have been reported in the
literature regarding the relationship between these two
phases, because no model material has been established yet.
The unusual phenomena emerging from the absence of

inversion symmetry rely on a strong spin-orbit interaction [3].
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Furthermore, strong electron correlations are required to
explore the regime of unconventional superconductivity
and magnetism. HF systems based on f electrons, e.g.,
Ce-based systems, offer all these ingredients and are therefore
likely the best candidates for the observation and study of
such phenomena [7,16].
CeRh2As2 is a recently discovered superconductor

whose TSC is approximately 0.3 K [18], which is lower
than that of our samples due to differences in sample
quality and experimental methods. A broad maximum in
resistivity at approximately 40 K and a large specific-heat
jump at TSC are typical features of HF superconductors
[18]. The crystal structure is of the tetragonal CaBe2Ge2-
type with space group P4=nmm (No. 129, D7

4h) [19]. In
CeRh2As2, 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. The crystal structure
looks similar to the structure of the typical HF super-
conductor CeCu2Si2 (ThCr2Si2-type structure)[20]; the
global spatial inversion is preserved in both compounds.
However, the stacking order of the block layers is different.
A Ce layer in CeRh2As2 is located between two different
block layers (Rh-As-Rh and As-Rh-As), and there is no
inversion center at the Ce site. In contrast, a Ce layer in
CeCu2Si2 is sandwiched between identical block layers
(Si-Cu-Si). The comparison of these two compounds and
CeMSi3 (M ¼ Rh and Ir), in which global inversion
symmetry is broken with a Ce atom sandwiched between
Si-Si-M block layers, provide an ideal basis to study how
removing inversion symmetry affects unconventional SC
and magnetic states. For example, in CeRh2As2, μ0Hc2
along the c axis is much higher than that perpendicular to
the c axis, and μ0Hc2kc ∼ 14 T far exceeds the Pauli-
limiting field μ0HP estimated from the formula μ0HP ∼
1.84TSC ∼ 0.6 T [18]. A similar enhancement of μ0Hc2kc
was observed in CeMSi3 [21] but was not observed in
CeCu2Si2 [22]. Rather, μ0Hc2 of CeCu2Si2 was understood
well based on the Pauli-limiting scenario for Hka and c

axes [23]. In addition to the large Hc2, in CeRh2As2, an
SC-SC phase transition at approximately 4 T was reported
forHkc [18], which can be interpreted as a phase transition
inside the SC phase from a low-field even parity to a high-
field odd-parity state [24,25]. Such a phase transition is
only expected in systems with locally broken inversion
symmetry but has not been reported yet.
Apart from superconductivity, a further phase transition

has been reported for CeRh2As2. The specific heat shows a
large anomaly at TSC, and a rather weak anomaly at
T0 ∼ 0.4 K. T0 increases with magnetic fields applied
perpendicular to the c axis which suggests that it is not
a simple magnetic order. It has been proposed that this is an
unprecedented case of phase transition into a quadrupole-
density-wave state [39].
In this study, we report on nuclear quadrupole resonance

(NQR) results at zero external field. We observed broad-
ening of the linewidth in NQR spectrum below 0.25 K,
which is definitely lower than TSC ∼ 0.37 K. From the site-
dependent broadening of the NQR spectra, we conclude
that this broadening indicates AFM order. A magnetic
transition inside an SC phase is a quite rare example, and
we suggest that this anomalous coexistence might be
related to local inversion symmetry breaking.
Single crystals of CeRh2As2 with a typical size of 3.0 ×

2.0 × 0.75 mm3 were grown using the Bi flux method [18].
TSC ¼ 0.37 K was determined by the onset temperature of
the SC diamagnetic signal from the ac susceptibility
measurement using an NQR coil. NQR measurements
were performed using a 3He-4He dilution refrigerator, in
which the sample was immersed in the 3He-4He mixture to
avoid radio-frequency (rf) heating during measurements.
The 75As-NQR spectra (nuclear spin I ¼ 3=2) were
obtained as a function of frequency at zero field. The
nuclear spin-lattice relaxation rate 1=T1 was determined by
fitting the time variation of the nuclear magnetization
probed with the spin-echo intensity after a saturation to
a theoretical function for I ¼ 3=2 [26,27]. For T1 mea-
surements, we powdered single crystals and mixed them
with Stycast 1266 to reduce the rf heating by the eddy
current. The TSC of the powdered samples is almost the
same as that of the single-crystalline samples.
As shown in Figs. 2(a) and 2(b), we observed two NQR

signals at ∼10.75 and ∼31.1 MHz owing to the presence of
two As sites. Even at zero magnetic field, the degeneracy of
the nuclear energy levels is lifted owing to the electric
quadrupole interaction with I ≥ 1. The electric quadrupole
Hamiltonian HQ can be expressed as

HQ ¼ hνQ
6

�
3I2z − IðI þ 1Þ þ η

2
ðI2þ þ I2−Þ

�
; ð1Þ

where hνQ ¼ f3eQVzz=½2Ið2I − 1Þ�g and the asymmetry
parameter η ¼ jðVyy − VxxÞ=Vzzj. In CeRh2As2, η is zero at

FIG. 1. Crystal structure of CeRh2As2ðleftÞ, CeCu2Si2ðcenterÞ,
and CeRhSi3ðrightÞ. To clarify stack order, each element is
assigned an A and a B and displayed on the left. The arrows
indicate the position of the inversion center.
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each As site because of the fourfold symmetry of the atomic
position; thus, it is difficult to assign each NQR signal to a
specific site from the measurements. We therefore per-
formed a density functional theory (DFT)-based ab initio
calculation of the electronic states, which provided con-
siderably different NQR frequency νQ values of 25.3 and
6.4 MHz for the As(1) and As(2), respectively. A DFT
calculation cannot take into account the strong correlation
effects present in HF systems. Therefore, the absolute
values of νQ are not reliable, but the ratio is expected to
be representative. Indeed, the theoretically calculated νQ
ratio [Asð1Þ∶Asð2Þ ∼ 3.8∶1] is not far from the experi-
mental one (2.9∶1). Therefore, we ascribe the NQR signals
at 31.1 MHz and 10.75 MHz to the As(1) and As(2) sites,
respectively.
The sample quality of the present single-crystal

CeRh2As2 is considered good compared to the single-
crystal CeCu2Si2 we measured previously [23,28]. This is
because the distribution of the NQR frequency νQ at the
As(1) (ΔνQ=νQ ∼ 2.7 × 10−3) is smaller than that of the
Cu-NQR signal in CeCu2Si2ðΔνQ=νQ ∼ 1.2 × 10−2Þ [28];
the local symmetry of the As(1) site in CeRh2As2 is similar
to that of the Cu site in CeCu2Si2, as shown in Fig. 1. Here,
ΔνQ is estimated from the full width at the half maximum
(FWHM) of the NQR signal.
We observed linewidth broadening of the NQR signal at

unexpectedly low temperatures. As shown in Fig. 2,
significant broadening of the linewidth at the As(2) site

was observed below 0.25 K, while the change in the NQR
spectrum at the As(1) site was marginal. In contrast, the
peak position in the two NQR spectra did not change
significantly down to the lowest temperature (0.1 K). To
clarify the transition temperature, we compared the temper-
ature dependencies of 1=T1T, the FWHM of the NQR
spectrum, the NQR intensity multiplied by temperature
IðTÞT of each As site and the ac susceptibility (right panel
of Fig. 2). The ac susceptibility clearly decreased below
TSC ¼ 0.37 K owing to the SC diamagnetic signal. In
contrast, particularly at the As(2) site, IðTÞT started to
decrease from ∼0.5 K, which is higher than TSC. While the
significant decrease in IðTÞT below TSC is related to the
SC diamagnetic effect for the rf pulses, the small decrease
above TSC is attributed to other aspects. The most likely
candidate is the phase transition denoted by T0 observed in
specific heat measurements [18]. The reduction in IT at T0

may be related to an increase in the nuclear spin-spin
relaxation rate 1=T2. Because we only detected the
decrease in the signal intensity, it is difficult to clarify
the origin of this phase transition from the present work.
Thus, the most important result of our present NQR study is
that, in addition to the anomalies at T0 ∼ 0.5 and
TSC ¼ 0.37 K, there was an increase in the NQR line-
width below TN ¼ 0.25 K, which was very pronounced
for the As(2) site but rather weak for the As(1) site. Such a
site-dependent linewidth broadening was also observed
in NMR measurements as shown in the Supplemental

(a) (b) (c)

(d)

(e)

(f)

FIG. 2. Summary of the anomalies detected by NQR measurements. 75As NQR spectrum of (a) As(2) and (b) As(1) sites at several
temperatures in CeRh2As2. Each spectrum is shifted to avoid overlapping. Temperature dependencies of (c) 1=T1T (d) FWHM of NQR
spectrum, (e) NQR intensity multiplied by temperature IðTÞT of each As site, and (f) ac susceptibility. For comparison, IðTÞT at each
site is normalized by its value at 1.0 K. The characteristic temperatures TN , TSC, and T0 are indicated by the dashed lines. The errors of
the FWHM and IT are determined from the resolution of NQR signals.
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Material [29]. Because the T1 at both the As(1) and As(2)
sites (< 150 ms) was shorter than the repetition time of the
rf pulse (> 1 s), the broadening is not due to the variation in
T1. In addition, 1=T1T also shows anomalies at these three
transition temperatures; 1=T1T began to increase at T0,
increased rapidly at TSC, and decreased below TN. These
results indicate that the linewidth broadening, SC transi-
tion, and T0 anomaly are intrinsic properties of CeRh2As2.
The site-dependent linewidth broadening observed

below 0.25 K is understandable in terms of an AFM order.
In addition to the electric quadrupole interaction, the
Kramers degeneracy of the nuclear spin levels is lifted
by a magnetic field due to the Zeeman interaction. Total
effective Hamiltonian is the sum of two Hamiltonians and
expressed as

H ¼ Hz þHQ

¼ −γℏð1þ KÞI ·H þHQ; ð2Þ

where K is the Knight shift, and H is a magnetic field.
When the magnetic field is sufficiently large, the NQR
spectrum should be split but the spectrum just becomes
broader when the magnetic field is small. The increase in
the linewidth of an NQR spectrum is roughly proportional
to the internal magnetic field at each As site. In our
experiments, significant broadening was observed only
at the As(2) site; the increase in the linewidth at the
As(1) site was small. Thus, an AFM order is the most
plausible explanation since the internal magnetic field can
be canceled out at the symmetric site due to the super-
position of the transferred fields of different Ce neighbors.
Other possibilities for the origin of the linewidth broad-
ening are discussed in Supplemental Material [29]. To
determine the magnitude of the ordered moment, the
transferred hyperfine coupling tensor is important. The
experimentally determined diagonal term of the hyperfine
coupling tensor Ahf;ii (i ¼ x, y, and z) is shown in
Supplemental Material [29]. However, to determine the
magnetic structure, we need to know only whether the

internal magnetic field originating from the Ce 4f moments
is canceled out. Therefore, we estimated the internal
magnetic field at each As site using the classical dipole
interaction. The dipolar magnetic field at each As site HAs

int
from the Ce 4f moments can be expressed as

HAs
int ¼

X
i

Hdip
i ; ð3Þ

Hdip
i ðriÞ ¼ −∇ μi · ri

4πr3i
; ð4Þ

where μi is a magnetic moment at ith Ce site, and ri is the
relative position vector of ith Ce site from the As site. From
these estimations, the A-type AFM (in-plane ferromagnetic
and inter-plane antiferromagnetic) order with magnetic
moments parallel to the c axis or a helical order with in-
plane moments as shown in Fig. 3(a) are promising
candidates for the magnetic structure. In both magnetic
structures, the internal magnetic field generated by the
Ce 4f moments is canceled out at the As(1) site, while a
nonzero internal magnetic field appears at the As(2) site. To
determine the magnetic structure, diffraction experiments
such as neutron-diffraction measurements are necessary.
These results indicate that the coexistence of super-

conductivity, T0 anomaly, and AFM order is realized in
CeRh2As2. Such a multiple coexistence system is quite
unusual. In addition, we noted that the onset of the AFM
order inside the SC phase is unique. As mentioned above,
in most systems where superconductivity coexists with
AFM order, superconductivity occurs below TN, and the
AFM order disappears when TSC is higher than TN [see the
right panel of Fig. 3(b)]. This asymmetric phase diagram is
explained by the difference in the position on the Fermi
surface (FS), where the respective energy gap develops. In
metallic AFM systems, a folding gap opens only on the FSs
connected by the magnetic wave vectors in the AFM state,
and the remaining electrons can condense into an SC state.
In contrast, the SC gaps open on almost all FSs in the SC

(a) (b)

)

FIG. 3. Information on the magnetic phase. (a) Possible magnetic structures below TN and (b) schematic image of expected phase
diagram for CeRh2As2. The dashed line is the expected position of CeRh2As2 at ambient pressure. For comparison, the schematic of the
phase diagram observed in many HF superconductors is provided. The red and blue arrows indicate the direction of the magnetic
moment at the Ce site and that of the internal magnetic field at the As site, respectively. AFM(SC) mean antiferromagnetic
(superconducting) phase.
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state, which makes the formation of an AFM state of heavy
fermions rather difficult. To overcome this situation,
localized magnetic moments or magnetic fields are required
[33–36]. In contrast to previous cases, in CeRh2As2, the
AFM order in the SC phase is realized without introducing
magnetic impurity. We suggest that the presence of the k-
dependent fictional field originating from the Rashba-type
interaction [3,7] may stabilize the AFM order inside the SC
state. Because we only performed measurements at ambient
pressure, it is important to clarify the overall phase diagram
of CeRh2As2 via pressure experiments; however, we expect
the phase diagram to be as shown in the left panel of
Fig. 3(b).
Finally, we comment on the magnetic structures sug-

gested from the 75As-NQR spectra, which are shown in
Fig. 3(a). Notably, neither AFM structures matches before
and after the inversion operation at the As(1) or Rh(1) layer,
because a magnetic moment is not reversed by the inversion
operation. This means that the AFM transition breaks the
global inversion symmetry, resulting in odd-parity mag-
netic multipoles becoming active in the ground state. It was
predicted that an exotic superconductivity analogous to that
in the Fulde-Ferrell-Larkin-Ovchinnikov state could be
stabilized without applying external magnetic fields when
such a multipole coexists with superconductivity [37]. We
point out the possibility that the unusual coexistence can be
explained by this scenario. Until now, the superconductiv-
ity coexisting with an odd-parity magnetic multipole has
never been reported. Therefore, CeRh2As2 provides a
promising platform to study the relationship between
superconductivity and unconventional multipoles.
In conclusion, we have performed 75As-NQR measure-

ments on the recently discovered HF superconductor
CeRh2As2 to investigate the electronic properties at low
temperatures. We observed broadening of the linewidth in
the NQR spectra below 0.25 K. From the site-dependent
linewidth broadening, we deduced the onset of the AFM
order and discussed possible AFM structures. Because a
clear SC transition was observed at 0.37 K, the AFM order
was located inside the SC phase, with TN < TSC being a
very unusual situation for coexistence of antiferromagnet-
ism and superconductivity. This coexistence in CeRh2As2
might be related to its unique crystal structure with the
locally broken inversion symmetry at the Ce site, which
induces a fictitious Zeeman field. We point out that the SC
state in CeRh2As2 might be a very unconventional one
resulting from the interaction with an odd-parity multipole
within a locally noncentrosymmetric crystal structure. Our
finding provides a new avenue for investigating new types
of unconventional superconductivity.
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