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The tetragonal heavy-fermion superconductor CeRh2As2 (Tc ¼ 0.3 K) exhibits an exceptionally high
critical field of 14 T for Bkc. It undergoes a field-driven first-order phase transition between super-
conducting states, potentially transitioning from spin-singlet to spin-triplet superconductivity. To further
understand these superconducting states and the role of magnetism, we probe spin fluctuations in
CeRh2As2 using neutron scattering. We find dynamic ðπ; πÞ antiferromagnetic (AFM) spin correlations
with an anisotropic quasi-two-dimensional correlation volume. Our data place an upper limit of 0.31 μB on
the staggered magnetization of corresponding Néel orders at T ¼ 0.08 K. Density functional theory
calculations, treating Ce 4f electrons as core states, show that the AFM wave vector connects significant
areas of the Fermi surface. Our findings indicate that the dominant excitations in CeRh2As2 for ℏω <
1.2 meV are magnetic and suggest that superconductivity in CeRh2As2 is mediated by AFM spin
fluctuations associated with a proximate quantum critical point.
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While phonon-mediated superconductivity is typically
incompatible with magnetism, antiferromagnetic (AFM)
spin fluctuations can promote unconventional supercon-
ductivity [1,2] in various systems, including cuprates [3–6],
Fe-pnictides [7–9] and chalcogenides [10,11], and heavy-
fermion metals [12]. Experimental evidence for magneti-
cally driven superconductivity includes (i) spin resonance
modes in the superconducting (SC) state [13–15], and
(ii) paramagnetic excitations in the normal state with
energies well beyond the SC gap [16–20]. Despite exten-
sive efforts to understand the spin dynamics of spin-singlet
unconventional superconductors, research on spin-triplet
superconductors has been constrained by the scarcity of
model systems [15,21].
CeRh2As2 is a heavy-fermion superconductor with Tc ¼

0.3 K [22]. It adopts the tetragonal CaBe2Ge2-type struc-
ture (space group No. 129 P4/nmm), consisting of two-
dimensional (2D) Ce layers stacked with As-Rh-As and
Rh-As-Rh blocks along the c axis [Fig. 1(a) inset]. While

the overall crystal structure is centrosymmetric, Ce layers
are positioned between distinct blocks, leading to local
inversion symmetry breaking and alternating Rashba spin-
orbit coupling (SOC) [23,24]. For Bkc, CeRh2As2 exhibits
pronounced anomalies in alternating current susceptibility,
magnetization, and magnetostriction [22,25–30], indicating
a first-order field-driven transition between different SC
states [Fig. 1(a)]. Similar phase transitions within the SC
state were observed in UPt3 [31] and CeCoIn5 [32] and
attributed to the interplay between superconductivity and
competing magnetic order parameters. In CeRh2As2,
the presence of alternating Rashba SOC suggests the
possibility of a transition from spin-singlet to spin-triplet
superconductivity [33–42], although other scenarios may
also apply [43,44].
To further understand the superconducting phases of

CeRh2As2, we use neutron scattering to probe the low-
temperature (T) zero-field magnetism of CeRh2As2. Our
elastic scattering data reveal no significant differences
between 0.08 K and 0.8 K, indicating the absence or
weakness of magnetic order, and place an upper limit of
0.31 μB on the staggered magnetization of corresponding
Néel orders at temperatures down to 0.08 K. Our inelastic
magnetic neutron scattering data, however, reveal a gap-
less spectrum of quasi-2D AFM spin fluctuations at the
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ðπ; πÞ wave vector QAFM extending up to 1.2 meV. In
combination with density functional theory (DFT) calcu-
lations [28,35,37,45–49] and angle-resolved photoemission
spectroscopy (ARPES) measurements [46–48] that reveal
Fermi-surface nesting at QAFM, our findings suggest
proximity to Fermi-surface-driven magnetic criticality in
CeRh2As2 [22,28], with the associated spin fluctuations
playing a crucial role in the superconductivity.
CeRh2As2 single crystals were synthesized via a flux

method [22,50]. The sharp resistive transition of a repre-
sentative sample at Tc ¼ 0.3 K is displayed in the
Supplemental Material [51]. For neutron scattering experi-
ments in the ðhk0Þ plane, ∼120 crystals (0.9 g) were
coaligned with a full width at half maximum (FWHM)
mosaic width of 2.8 degrees for rotation around the c axis.
As detailed in the Supplemental Material [51], precautions
were taken to ensure good thermal contact between the
dilution refrigerator and the sample. Neutron experiments
were conducted at Oak Ridge National Laboratory using the
CNCS Spectrometer [57] with a fixed incident energy Ei of
3.32 meV. Operating in the high flux mode with the disk
chopper rotating at 180 Hz, this setup resulted in an FWHM
elastic energy resolution of 0.17 meV.
Normalization of the measured scattering cross sections

was achieved by comparing the count rate with the
Q-integrated count rate for the (110) nuclear Bragg peak.

As detailed in the Supplemental Material [51], a scattering
angle and energy transfer dependent factor was applied to
background subtracted data to correct for the significant
absorption cross section of CeRh2As2. When background
subtraction is not feasible, uncorrected intensity data are
presented in arbitrary units. In the following, momentum
transfer Q is expressed as Q ¼ ha� þ kb� þ lc�, where
ðhklÞ denotes Miller indices. A pair of indices ðhkÞ specify
the in-plane component of wave vector Qk. Here, a� ¼
b� ¼ 2π=a and c� ¼ 2π=c, with a ¼ b ¼ 4.28 Å and
c ¼ 9.86 Å at room temperature [22].
The difference in elastic scattering between data

acquired in the SC state at 0.08 K and in the normal state
at 0.8 K is shown in Figs. 1(b) and 1(c) for l ¼ 0 and
l ¼ �0.4, respectively. No diffraction peaks are apparent in
either figure. These data place upper limits on magnetic
ordering at specific magnetic wave vectors (see Table I and
the Supplemental Material [51]).
Nuclear quadrupole resonance (NQR) [58] and nuclear

magnetic resonance (NMR) [59] experiments provide
evidence for an increase of the NQR and NMR linewidths
in the low-field SC1 state for the As sites of As-Rh-As
blocks, which has distinct Ce neighbors displaced along c,
but not for the As sites of Rh-As-Rh blocks, where Ce
neighbors come in groups of four whose fields cancel out in
the AFM states shown in Table I. A possible explanation is
weak long- or short-range AFM ordering that is detectable
with local probes such as NMR and NQR [59,60], but
sufficiently weak and/or broad in Q to evade detection
through neutron diffraction (see Table I).
Though we do not detect elastic magnetic diffraction,

dynamic AFM spin correlations are apparent in the inelastic
scattering. Figures 2(a)–2(d) show the Q-dependence
within the ðhkÞ plane of the scattering intensity for various
fixed ℏω. As AFM fluctuations are observed in both
paramagnetic and SC states with no discernible differences
within the ℏω range covered, measurements taken at 0.08 K
and 0.8 K are averaged and denoted as 0.4(4) K to improve
statistical accuracy. The elastic data display the (110)
nuclear Bragg peak from CeRh2As2, which we use for
normalization and alignment. Other T-independent features
in the elastic scattering are associated with the sample

(a)

(b) (c)

FIG. 1. (a) Schematic field-temperature phase diagram of
CeRh2As2 for Bkc based on Refs. [22,25–30]. The inset shows
the crystal structure of CeRh2As2. Q dependence of the differ-
ence in elastic neutron scattering between T ¼ 0.08 K and T ¼
0.8 K for (b) jlj < 0.15 and (c) 0.35 < jlj < 0.45. Dashed lines
indicate the Brillouin zone.

TABLE I. Upper limits on the magnitudes of staggered mag-
netization in CeRh2As2 obtained from the difference between
elastic neutron scattering at T ¼ 0.08 K and T ¼ 0.8 K shown in
Figs. 1(b) and 1(c). In-plane oriented magnetic order is harder to
detect due to the domain averaged polarization factor.

Qm mz;max (μB) mk;max (μB)

(1
2
1
2
0) 0.10 0.14

(1
2
1
2
1
2
) 0.14 0.20

(010) 0.14 0.20
(01 1

2
) 0.22 0.31

quasi-2D (1
2
1
2
) 0.14 0.20
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holder (powder ring and low jQj diffuse scattering) and
two small misaligned CeRh2As2 crystallites. At ℏω ¼
0.35 meV, a diffuse peak is observed near the AFM wave
vector QAFM ¼ ð1

2
1
2
Þ [Fig. 2(b)]. While the peak position

persists, the intensity decreases with increasing ℏω.
Figures 2(e) and 2(f) show constant-ℏω cuts through

these data along the longitudinal ðhhÞ and transverse ðkk̄Þ
directions. These cuts show that the low-energy magnetic
scattering is centered at QAFM consistent with dynamic
short-ranged AFM spin correlations as in many Ce-based
heavy fermion systems including SC CeCoIn5 [13]. Fitting
the cuts to Gaussians, we infer dynamic correlation lengths
(defined as 2/FWHM) at 0.3 meV along (hh) and (kk̄)
of ξhh ¼ 8.1ð8Þ Å and ξkk̄ ¼ 3.4ð3Þ Å, respectively.
Considering the fourfold rotation axis of paramagnetic

CeRh2As2, this anisotropy suggests a preferred polarization
factor in the magnetic neutron scattering cross section.
Specifically, scattering at QAFM detects spin fluctuations in
the plane perpendicular to QAFM, thus along c or ð11̄0Þ, of
which the latter component can give rise to the observed
anisotropy. The data indicate an underlying nematic char-
acter to the AFM spin correlations, where the correlation
length is longer perpendicular to than parallel to the
fluctuating in-plane staggered magnetization. Such
anisotropy can arise from symmetric anisotropic exchange
interactions and was previously observed in iron-based
superconductors [9]. Given the spin-orbital character of
Ce-based magnetism, anisotropic interactions are indeed
anticipated. The data specifically indicate in-plane aniso-
tropic interactions and suggest that the fourfold rotation
symmetry will be broken by the corresponding static order.
Figure 3(a) displays the Q − ω dependent magnetic

scattering cross section for Qkð11Þ. A ridge of low-energy
excitations at QAFM extending to 1.2 meV is apparent.
Figure 3(b) shows a broad constant-QAFM cut through these

(e)

(c) (d)

(a) (b)

(f)

FIG. 2. (a)–(d) Qk-dependence of neutron scattering from
CeRh2As2 at selected ℏω for T ¼ 0.4ð4Þ K and jQzj < 0.5c�.
The energy windows are 0.4 meV in (a) and 0.3 meV in
(b)–(d). Arrows indicate the longitudinal ðhhÞ and transverse
ðkk̄Þ directions. (e),(f) Constant energy cuts along ðhhÞ and ðkk̄Þ
through QAFM ¼ ð1

2
1
2
Þ for selected ℏω with an energy window of

0.2 meV. The averaging windows are Δ2Q ¼ �ð0.15;−0.15; 0Þ�
ð0; 0; 0.5Þ in (e) and Δ2Q ¼ �ð0.1; 0.1; 0Þ � ð0; 0; 0.5Þ in (f).
Solid lines for ℏω ¼ 0.3 meV are Gaussian fits. The horizontal
bars represent the FWHM resolution.

(a)

(b) (c)

FIG. 3. (a) Background subtracted inelastic neutron scattering
versus Q ¼ ðhhÞ and ℏω for CeRh2As2 at T ¼ 0.4ð4Þ K. The
signal averaging window is Δ2Q ¼ ð�ð0.15;−0.15Þ;�0.5Þ. The
jQj and ℏω dependent background was determined by averaging
all data outside the signal volume. (b),(c) Background subtracted
data at T ¼ 0.4ð4Þ K in orange and the difference between
T ¼ 0.08 K and T ¼ 0.8 K data in blue. (b) An ℏω scan at
QAFM ¼ ð1

2
1
2
Þ averaging over Δ3Q ¼ ð�0.1;�0.1;�0.5Þ. The

red line shows a fit to the data described in the text. (c) A scan
alongQ ¼ ð1

2
1
2
lÞ averaging over ℏω∈ ½0.2; 1.1� meV and Δ2Q ¼

�ð0.1; 0.1; 0Þ � ð0.15;−0.15; 0Þ. The horizontal bar represents
the resolution width.
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data. While data for jℏωj < 0.15 meV are dominated by
imperfect subtraction of the incoherent elastic scatte-
ring, we associate the tail of scattering for ℏω >
0.15 meV that is absent on the neutron energy gain side
(ℏω < −0.15 meV) with magnetic quantum fluctuations
for kBT ≪ ℏω. To further characterize the scattering, we fit
these data against a resolution-convoluted Lorentzian
response function of the form

SðωÞ ¼ 1

1 − e−βℏω
χ0Γω

Γ2 þ ω2
; ð1Þ

plus a central Gaussian peak to account for the residual
elastic background. As shown in Fig. 3(b), this model
provides an excellent account of the data with a character-
istic relaxation rate of ℏΓ ¼ 0.10ð4Þ meV. This suggests
proximity to a quantum critical point (QCP) where
ℏΓ ∼ kBT [13,14,61,62].
From the total magnetic scattering associated with

inelastic magnetic scattering below 2.5 meV, we obtain
the dynamic moment of 1.6ð4Þμ2B. The reduction in
moment compared to the effective moment inferred from
susceptibility (μ2eff ¼ 6.55μ2B [22]) is observed in other
Ce-based heavy-fermion superconductors, such as
CeCoIn5 [13] and CeCu2Si2 [14]. Magnetic excitations
extend to much higher energies in these systems [19,20]
due to crystal electric field and Kondo screening. Likewise,
in CeRh2As2 we expect such interactions to define a low-
energy reduced moment regime with residual AFM inter-
site interactions.
To probe the associated spin correlations along c,

Fig. 3(c) shows the l dependence of scattering for
ℏω∈ ½0.2; 1.1� meV at QAFM. The corresponding count
rate at Qbkg ¼ ð0.1; 0.7Þ where jQbkgj ¼ jQAFMj was used
as background. The inelastic scattering at QAFM consis-
tently exceeds that at Qbkg by a nearly l-independent
amount, indicating quasi-2D spin correlations. No differ-
ence between scattering at 0.08 K and 0.8 K is observed in
the accessible energy range.
To gain insights into the origin of the AFM spin

fluctuations in CeRh2As2, we conducted band structure
calculations using DFT, treating Ce 4f electrons as core
states. The results are shown in Fig. 4(a), with the
corresponding Fermi surface displayed in Figs. 4(b)–4(d).
Specifically, the Fermi surface at l ¼ 0 [Fig. 4(c)] is
squarelike, with sides approximately connected by
QAFM, as indicated by the red arrow. Since Ce 4f electrons
are treated as core states, the calculated Fermi surface arises
from conduction electrons that induce a Ruderman-Kittel-
Kasuya-Yosida interaction between Ce 4f local moments,
leading to AFM spin fluctuations at QAFM. Although the
strong kz dependence of the DFT Fermi surface seems at
odds with the quasi-2D character of the AFM fluctuations
observed in our experiments, this discrepancy suggests the
dominance of in-plane correlations, which is crucial in

theoretical models predicting the singlet-triplet transition in
CeRh2As2 [33–42]. Alternatively, as CeRh2As2 is a heavy
fermion metal with 4f states that hybridize with the
conduction bands, the spin fluctuations at QAFM may arise
from particle-hole excitations of the heavy electron bands.
The quasi-2D AFM fluctuations observed in our neutron
scattering measurements uniquely identify ðπ; πÞ as the
primary nesting vector, among other plausible nesting
vectors suggested by recent ARPES studies [46–48].
Resistivity and specific heat measurements reveal non-

Fermi-liquid behavior at low T, which indicates proximity
to a QCP [22,28]. Our observations of anisotropic AFM
fluctuations in CeRh2As2 suggest that this QCP has a
nematic 2D AFM character, where the proximate ordered
phase likely breaks the fourfold rotational symmetry of the
underlying crystal lattice. Quantum critical fluctuations
near a QCP are natural candidates as bosonic modes that
drive superconductivity. Accordingly, our findings high-
light the prominent role of AFM spin fluctuations in the
superconductivity of CeRh2As2, as in many other heavy-
fermion superconductors. The momentum and energy
dependence of the spin fluctuations in CeRh2As2 revealed
in our work provide stringent constraints on models of its
zero-field superconductivity.
Time reversal and inversion symmetry in a metal enable

even parity spin-singlet superconductivity and odd parity
spin-triplet superconductivity, respectively. However, in
superconductors lacking global inversion symmetry,

(a) (b)

(c) (d)

FIG. 4. (a) Electronic band structure of CeRh2As2 calculated
using DFT with Ce 4f electrons in the core. (b)–(d) The
corresponding Fermi surface as a 3D image and as 2D slices
through (c) the ðhk0Þ plane and (d) the ðhk 1

2
Þ plane. The red

arrow indicates the wave vectorQAFM ¼ ð1
2
1
2
Þ associated with low

energy inelastic magnetic neutron scattering [Fig. 3(a)], which is
seen to connect significant portions of the DFT Fermi surface.
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electronic antisymmetric SOC, such as Rashba SOC, lift
the spin degeneracy and mix spin-singlet and spin-triplet
states [63,64]. The unique local inversion symmetry break-
ing of CeRh2As2 naturally connects it to the previous
proposal of noncentrosymmetric superconductivity in
CeCoIn5 multilayers [32]. Alternating Rashba SOC has
been known to support distinct SC phases with spin-singlet
and spin-triplet symmetries in the field-temperature phase
diagram [24,63]. Experimental results in CeRh2As2 appear
consistent with this picture, suggesting that the SC1 and
high-field SC2 phases correspond to spin-singlet and spin-
triplet pairing states, respectively. However, the recent
NMR study [59] reported T-dependent Knight shifts,
suggesting spin-singlet pairing in both SC phases, adding
complexity to the Rashba SOC scenario. Since AFM spin
fluctuations are typically seen in spin-singlet unconven-
tional superconductors and ferromagnetic spin fluctuations
are expected for spin-triplet superconductors, our observa-
tion of AFM spin fluctuations at zero field is consistent
with spin-singlet pairing in the SC1 phase. The fact that
these AFM fluctuations extend to 1.2 meV ≫ kBTC sug-
gests they will persist in the field-induced SC2 phase. In
such a scenario, the SC2 phase should exhibit a prominent
spin-singlet pairing component, consistent with the NMR
measurement [59]. However, as research on UTe2 revealed,
AFM spin fluctuations can mediate spin-triplet supercon-
ductivity [15]. Thus, additional theoretical and experimen-
tal efforts are necessary to elucidate the symmetry and
mechanism of the SC2 phase. Nevertheless, our observa-
tion of AFM spin fluctuations places strong constraints on
models of its field-induced superconductor-superconductor
transition.
We have investigated the magnetic excitations in

CeRh2As2 using neutron scattering, revealing nematic
quasi-2D AFM spin fluctuations centered at QAFM and
extending up to 1.2 meV at low T. Our neutron scattering
measurements and DFT calculations indicate QAFM fluc-
tuations result from the nesting of heavy quasi-2D Ce 4f
electrons, which are also responsible for the heavy-fermion
superconductivity in CeRh2As2. These findings indicate a
crucial role of AFM spin fluctuations in the superconduc-
tivity of CeRh2As2, although the connection to the field-
induced superconductor-superconductor transition remains
to be understood.
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