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Fig. 1. (a) Tetragonal HoCoGas-type crystal structure of CeColns; (b) temperature—
substitution phase diagram of the CeMIns (M = Co, Rh, Ir) family’!.
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Fig. 2. Inelastic neutron scattering spectra of CeColns at Qar = (0.5, 0.5, 0.5) in the
superconducting state (T = 1.3 K) and in the normal state (T = 3 K)B3%,
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Fig. 3. (a) Temperature—magnetic field phase diagram of CeColns; (b) magnetic field and

temperature dependences of the neutron scattering intensity at (q, g, 0.5) with q = 0.44014],
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Fig. 4. (a) Inelastic neutron scattering intensity of CeColns in the superconducting state (T

= 1.45 K) along Q = (Qu, Qu, 0.5 (b) polarized neutron scattering spectra in the three

polarization channels (ox, 6y, ;) at Qar = (0.5, 0.5, 0.5)533],
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Fig. 5. Inelastic neutron scattering spectra of CeColnsat Qar in the superconducting state (T

= 0.1 K) under different in-plane magnetic fields?*”).
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Fig. 6. (a) Dispersion of the spin resonance mode of CeColns in the superconducting state
along Q = (Qu, Qu, 0.5)1, the solid line is the calculated PHCOj (b) comparison between the

dispersion of the spin resonance mode in CeColns and the spin waves in CeRhIns!, the latter taken

from Refs.[24:25],
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Fig. 7. Temperature evolution of the magnetic excitation spectra of CeColns*l: (a) T =0.3
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(1.74T.).
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Fig. 8.

Phase diagrams of CeColns with (a) Hg!?®], (b) Cd*!, (c) Zn!*, (d) Nd*, (&) Lal*®!

and (f) Yb6l doping. The Yb content is the actual doping level Xact, whose suppression rate of T. is

similar to that of La doping. The Nd phase diagram contains a commensurate (CM)

antiferromagnetic phase with modulation vector (0.5, 0, 0.5)/(0, 0.5, 0.5) and an incommensurate

(ICM) antiferromagnetic phase with modulation vector (q, g, 0.5), where-q = 0.44[*%]. The

modulation vector of the antiferromagnetic order in the Hg-, Cd- and Zn-doped phase diagrams is

(0.5,0.5,0.5).
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Fig. 10. CeixLaxColns at Qar = (0.5, 0.5, 0.5): (a) inelastic neutron scattering spectra; (b)

doping dependences of the relaxation rate and the energy of the spin resonance mode obtained from
fits[391,
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Fig. 11. Spin resonance mode in Ce;YbxColInsP®L. For the sample with nominal
composition x = 0.05: (a) fits to the data in (c), (b) comparison of the scattering intensity along (H,
H, 0.5) at E = 0.70 meV between 0.6 K and 2.3 K, (c) scattering intensity along (H, H, 0.5) at E =
0.30 meV, 0.55 meV, 0.70 meV, 0.85 meV and 1 meV at 0.6 K, (d) energy dependence of the
scattering intensity at (0.5, 0.5, 0.5) at 0.6 K, 1.5 K and 2.3 K; for the sample with nominal

composition x = 0.3: (e) energy spectrum of the spin resonance mode, (f) Yb-doping dependence of
E/kgT..
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Fig. 12. Comparison of inelastic neutron scattering at Qar = (1/2,-1/2, 1/2)?8: (a) spin
resonance mode of CeColns in the superconducting state at T = 0.1 K (E;= 0.55 meV); (b) absence

of significant magnetic fluctuations in CeCo(Ino.99sHgo.o1)s at T =0.5K; (c) scattering intensity

distribution along (H, H, 1/2) in CeCo(Ino.ooHgo.01)s at 3.5 K.
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Fig. 13. (a) Tetragonal ThCr,Sir-type crystal structure of CeCu,Siz; (b) schematic phase
diagram of CeCu,Si», where the A-type (antiferromagnetic) and S-type (superconducting) regions

are indicated[?2-],
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Fig. 14. (a) Neutron diffraction intensity maps of A-type CeCu,Si» in the (HHL) plane of

reciprocal space at T = 50 mK and 1 KP7); (b) magnetic excitation spectra of S-type CeCu,Si, at
Qarw in the superconducting state (T = 0.07 K, B=0) and in the normal state (B = 2 T)%,
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Fig. 17. (a) Constant-energy neutron scattering scans of A-type CeCusSiz at 0.4 KI9I; (b)
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Table 2. Basic properties of CeColns and CeCu,Si; and the characteristics of their magnetic

excitations.
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Abstract

Heavy fermion superconductors offer an ideal setting for exploring mechanisms
of unconventional superconductivity, as their superconducting pairing is generally
believed to originate from magnetic fluctuations. Inelastic neutron scattering (INS)
enables the detection of magnetic fluctuations in momentum-energy space, thus playing
an irreplaceable role in measuring magnetic excitations in heavy fermion
superconductors and in understanding their superconducting mechanisms. This article
reviews neutron scattering studies on two archetypal Ce-based heavy fermion
superconductors—CeColns (Tc = 2.3 K) and CeCu»Si> (T: = 0.6 K). Both compounds
have been investigated with high-resolution triple-axis and time-of-flight spectrometers,
using polarized neutrons and applied magnetic fields, which together resolve how their
magnetic excitations evolve with temperature, momentum, energy, magnetic field and
chemical substitution. In CeColns, magnetic excitations exhibit a prominent spin
resonance mode at E; = 0.6 meV (= 3kgT.) in the superconducting state, the upward
dispersion of which defies a spin-exciton description in the weak-coupling limit and
instead closely resembles that of the spin waves in the antiferromagnetically ordered
CeRhlIns. The spin resonance mode in CeColns exhibits an Ising anisotropy, a double
splitting under applied magnetic field, and a deviation from the Néel wave vector at
low energies, suggesting that this mode is closely related to the field-induced Q-phase.
Chemical substitution reveals that E; and T. decrease in tandem upon La or Yb
substitution while Er/kgT. stays nearly constant, whereas hole doping with Hg, Cd or
Zn induces commensurate antiferromagnetic order and removes the spin resonance
mode. CeCu;Siz is naturally proximate to a magnetic quantum critical point, and its
normal-state magnetic excitations exhibit the E/T? scaling expected for an itinerant
three-dimensional spin-density-wave quantum critical point. A spin resonance mode at
E: = 0.2 meV (= 4ksT.) develops in the superconducting state, providing crucial
evidence for unconventional superconducting pairing. In contrast to the low-energy

excitations that show significant dispersion, the momentum dependence of the high-



energy magnetic excitations in CeCuzSi> does not vary significantly with energy,
suggesting that they may originate from scattering between the heavy fermion states
and conduction-electron states. The reviewed neutron scattering studies on CeColns
and CeCu>Siz reveal that these systems host versatile ground states and readily tunable
magnetic excitations, providing key insights into the mechanisms of unconventional
superconductivity.

Keywords: heavy fermion superconductors, inelastic neutron scattering, spin resonance mode,

quantum critical point
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